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ABSTRACT
CHARACTERIZATION OF THE PHYSICAL, CHEMICAL, AND OPTICAL 
PROPERTIES OF ATMOSPHERIC AEROSOL PARTICLES IN 
NEW HAMPSHIRE 
by
John F. Slater 
University o f  New Hampshire, December, 2002.
Tropospheric aerosol particles directly affect the radiative budget o f the Earth, 
and degrade visibility, by scattering and absorbing short-wavelength solar radiation. 
However, the radiative effect o f aerosols is highly uncertain due to the non-uniform 
spatial distribution o f  the particles over Earth, their heterogeneous chemical composition, 
and their variable size. This dissertation quantifies some o f the physical, chemical, and 
optical (radiative) properties o f aerosols at different locations within New Hampshire 
(NH) from spring 2000 to fall 2001. During spring 2000, a 1 -month study conducted at a 
mountaintop location adjacent to the White Mountain National Forest in northern NH 
showed that synoptic-scale air mass transport heavily influenced aerosol properties, and 
hence regional visibility. During W/SW flow, aerosol parameters and haziness were 
generally twice as high as times o f  N/NE flow. Similar transport dependent results were 
observed in October 2000 during a regional pollution event. Pollutants built-up in 
concentration during 22-28 October, culminated on 28 October, and then dropped 10-fold 
to background levels within a 6 -hour period. Synoptic weather conditions during the
ix
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transition from high to low pollutant levels indicated that an intense frontal boundary 
traversed the region, serving as a divide between a warm, humid, and polluted air mass 
from the W/SW, and a cold, dry, and clean air mass advancing out o f  Canada.
Further work connecting air mass transport and aerosol variability in southern NH 
revealed that maximum aerosol optical depth (AOD) occurred in summer and was 
primarily associated with W/SW flow. Minimum AOD occurred in winter and was 
generally associated with N/NE flow'. Mass scattering and absorption efficiencies o f 
PM: s did not vary significantly betw een times o f transport from different source regions 
and w ere very close to theoretical values. Maximum positive values o f  aerosol direct 
radiative forcing occurred in winter and maximum negative values in summer; 
differences that can be primarily attributed to seasonal changes in surface reflectance and 
the relatively low values o f single scatter albedo observed in winter. A comparison o f  
AOD to retrievals by the satellite-based Moderate Resolution Imaging Spectrometer 
showed a good correlation ( r  = 0.66; n = 46) during a 4-month period in 2001.
X
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CHAPTER 1
INTRODUCTION
Humans are dramatically impacting the atmospheric environment through the 
burning o f  fossil fuels and changes in land-use practices. One o f  the most striking 
impacts is the perturbation that anthropogenic greenhouse gases and anthropogenic 
aerosols have on the radiative balance o f the Earth. While increases in greenhouse gases 
cause a net warming in the earth-atmosphere system, increases in aerosol loading can 
cause either a warming or a cooling depending on factors such as surface albedo and the 
chemical composition o f the aerosol particles. Aerosols affect the radiative budget 
directly by scattering and absorbing short-wavelength solar radiation. Recent estimates 
of the global average direct aerosol radiati\e forcing range between -0.07 Wm‘: to -1.24 
Wm : (IPCC. 2001). However, localized impacts can be much greater than the global 
mean. For example, measurements off the U.S. east coast during July 1996 indicated that 
regional aerosol direct radiative forcing ranged between -14 Wm '  to -48 W m ' (Russell 
et al., 1999). A negative forcing indicates that the scattering o f  sunlight back to space by 
aerosols overwhelms absorption by the particles, leading to an overall reduction in the 
solar radiation absorbed by the planet. The response to such an energy flux change can 
include variations in atmospheric and surface temperatures, which affect evaporation and 
condensation processes, as well as atmospheric convective and circulation patterns. The 
radiative effect o f  tropospheric aerosols, however, represents one o f  the major
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uncertainties in modeling the radiative forcing o f climate change due to the non-uniform 
spatial distribution o f  the particles over Earth, their heterogeneous chemical composition, 
and their variable size and shape (Schwartz and Andreae, 1996).
Along with impacting the Earth’s radiative budget, fine aerosol particles (PM: 5 ; 
airborne particles with an aerodynamic diameter <2.5 pm) are the major cause o f 
reduced visibility in many parts o f  the U.S. and can be a major source o f  contaminants 
imported into otherwise pristine environments (Malm et al„ 1994). Visibility is the 
yardstick by w hich the average citizen measures air quality every day. PM; 5 and certain 
gaseous molecules cause poor visibility by scattering and absorbing light, thereby 
reducing the amount o f  visual information about distant objects that reaches an observer. 
PM: 5 that causes visibility reduction in the northeastern U.S. is typically comprised o f  (in 
decreasing significance) sulfate, organic carbon, elemental carbon, nitrate, and crustal 
material. The distribution o f  PM: 5, and its chemical composition, depends upon synoptic 
and micro-scale meteorological conditions w hich can lead to different forms o f visibility 
impairment. In New England, synoptic-scale transport can bring polluted air into the 
region, impairing visibility over a period o f several days. On other days, transport can be 
from clean sectors, leading to visibility at background levels. Micro-scale meteorological 
conditions, on the other hand, control the vertical distribution o f  fine particles. When 
high concentrations o f  fine particles are well mixed in the planetary boundary layer, a 
uniform haze is formed; when temperature inversions trap particles near the surface, the 
result can be a sharply stratified layer o f  haze (NESCAUM, 2001).
One o f  the primary objectives o f  this dissertation is to establish how changes in 
air mass origin affect aerosol physical, chemical, and optical (radiative) properties in
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3New Hampshire. Studies in the northeastern U.S. linking air pollutants and transport 
during the past - 2 0  years have revealed that when transport is from the south and 
southwest, particle and gas-phase pollutants are at their highest concentration, and when 
transport is from the north and northeast, concentrations are at their lowest (e.g., Lefer 
and Talbot, 2001; Poroit et al., 2000; Jordan et al., 2000; Moody et al., 1998; Brankov et 
al., 1998; Poirot and Wishinski, 1986; Samson, 1981). During times o f high aerosol 
concentration in rural areas o f  New England, light scattering by sulfate aerosols typically 
dominates surface light extinction (extinction = scattering + absorption); during times o f 
low-to-moderate aerosol concentration organic carbon is normally the main aerosol 
component contributing to light extinction (Sisler and Malm, 2001).
Equally important in assessing the impact o f  particles on visibility and climate are 
results from aerosol vertical column light extinction measurements. There are locations 
in the northeastern U.S. that regularly measure aerosol optical depth (the vertical integral 
o f the light extinction coefficient from the surface to the top o f the atmosphere). One o f  
these locations, in southeastern ME, is part o f a global network o f  sun photometers 
operated by NASA (AERONET, Holben et al., 2001). The primary goal o f  AERONET is 
to ground-truth satellite measurements o f  aerosol optical depth. Two additional 
continuously operated sun photometers are located in New York State (Milcalsky et al., 
1994). Results from the AERONET site and the NY sites show that summers typically 
have the highest aerosol optical depth and winters the lowest. The work presented in this 
dissertation compliments these existing optical depth measurements and greatly enhances 
them by connecting vertical column light extinction measurements with surface light 
extinction measurements. Further, this work links these surface and column
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4observations, along with variations in aerosol physical and chemical properties, to 
changes in air mass transport.
The following four chapters contain full papers that are either in publication 
(Chapter 2, Slater et al., 2002a), or are ready for submission to peer-reviewed journals 
(Chapters 3, Slater et al., 2002b; Chapter 4, Slater and Dibb, 2002; Chapter 5, Slater et 
al., 2002c). As such, each chapter contains it own abstract, introduction, methods, 
results, discussion, conclusions, and references. Chapter 2 describes a month long study 
conducted in spring 2000 at Cranmore Mountain which is adjacent to the White 
Mountain National Forest in northern New Hampshire. The main objective o f this paper 
was to establish how variations in transport affect the chemical, physical, and optical 
properties o f fine particles, and hence visibility. Chapter 3 is a case study o f  a pollution 
event that was observed at remote, rural, and urban air quality monitoring sites 
throughout New England during late-October, 2000. The paper describes the synoptic- 
to-micro-scale meteorological controls on aerosols, carbon monoxide, and ozone at a 
rural site in southern New Hampshire (Thompson Farm) and at a remote site in northern 
New Hampshire (Mt. Washington). Chapter 4 is a 14-month long study o f  surface and 
vertical column aerosol properties at the Thompson Farm site. The main objectives o f 
this work were to establish relationships between column and surface aerosol 
measurements, connect the variability in air mass origin to the variability in aerosol 
properties, and estimate annual and seasonal direct aerosol radiative forcing. Chapter 5 is 
a 4-month long study that compares surface-based radiometer measurements with 
satellite-based radiometer measurements. Chapter 6  presents the primary conclusions 
from this body o f  work, and suggests future directions for other investigations.
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
5REFERENCES
Brankov, E., Rao, S.T., Porter, P.S., 1998. A trajectory-clustering-correlation 
methodology for examining the long-range transport o f  air pollutants. 
Atmospheric Environment, 32, 1525-1534.
Holben, B.N., et al., 2001. An emerging ground-based aerosols climatology: Aerosol 
optical depth from AERONET. Journal o f  Geophysical Research, 106, 12,067- 
12.097.
IPCC, 2001. Climate Change 2001: The Scientific Basis. Contribution o f  the Working 
Group I to the Third Assessment Report o f the Intergovernmental Panel on 
Climate Change, edited by J. T. Houghton, Y. Ding, D. J. Griggs, pp. 289-348. 
Cambridge University Press, Cambridge.
Jordan, C.E., Talbot, R.W., Keim, B.D., 2000. Water-soluble nitrogen at the New 
Hampshire sea coast: HN03, aerosols, precipitation, and fog. Journal o f  
Geophysical Research, 105, 26,403-26,431.
Lefer, B .L.. Talbot, R.W., 2001. Summertime measurements o f aerosol nitrate and
ammonium at a northeastern U.S. site. Journal o f  Geophysical Research. 106, 
20,365-20,378.
Malm, W.C., Sisler, J.F., Huffman, D., Eldred, R.A., Cahill, T.A., 1994. Spatial and 
seasonal trends in particle concentration and optical extinction in the United 
States. Journal o f  Geophysical Research, 99, 1347-1370.
Michalsky, J.J., Schlemmer, J.A., Larson, N.R., Harrison. L.C., Berkheiser, W.E.,
Laulainnen, N.S.. 1994. Measurements o f  the seasonal and annual variability o f 
total column aerosol in a northeastern U.S. network. Aerosols and Atmospheric 
Optics: Radiative Balance, Air & Waste Management Association, Pittsburg, PA, 
pp. 89.
Moody, J.L., Munger, J.W., Goldstein, A.H., Jacob, D.J., Wofsy, S.C., 1998. Harvard
Forest regional-scale air mass composition by Patterns in Atmospheric Transport 
History (PATH). Journal o f  Geophysical Research, 103, 13,181 -13,194.
NESCAUM, 2001. Regional Haze and Visibility in the Northeast and Mid-Atlantic
States. Northeast States for Coordinated Air Use Management, Boston, MA, pp. 
278.
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
6Poirot, R.L.. Wishinski, P.R., 1986. Visibility, sulfate and air mass history associated
with the summertime aerosol in northern Vermont. Atmospheric Environment. 20, 
1457-1469.
Poirot, R.L., Wishinski, P.R., Hopke, P.K., Polissar, A.V., 2000. Sources o f  fine particle 
concentration and composition in northern Vermont International Symposium on 
Measurement o f  Toxic and Related Air Pollutants, Research Triangle Park, NC.
Russell, P.B., Hobbs, P.V., Stowe, L.L., 1999. Aerosol properties and radiative effect in 
the United States East Coast haze plume: An overview o f the Tropospheric 
Aerosol Radiative Forcing Observational Experiment (TARFOX). Journal o f  
Geophysical Research. 104, 2213-2222.
Samson, P.J., 1981. Trajectory analysis o f  summertime sulfate concentrations in the 
northeastern United States. Journal o f  Applied Meteorology. 19, 1382-1394.
Schwartz, S.E.. Andreae, M.O., 1996. Uncertainty in climate change caused by aerosols. 
Science. 272, 1 121-1122.
Sisler, J.F., Malm, W.C., 2000. Interpretation o f trends o f PM: 5 and reconstructed
visibility from the IMPROVE network. Journal o f  the Air & Waste Management 
Association. 50, 775-785.
Slater. J.F., Dibb, J.E., 2002. Relationships between aerosol radiative properties and air 
mass transport at a rural New England site. To be submitted to the Journal o f
Geophysical Research.
Slater, J.F., Dibb, J.E., Keim, B.D., Talbot, R.W., 2002a. Light extinction by fine
atmospheric particles in the White Mountains region o f  New Hampshire and its 
relationship to air mass transport. The Science o f  the Total Environment. 287, 
221-239.
Slater, J.F., Dibb, J.E., Keim, B.D., Prentice, M.L., Wake, C.D., Talbot, R.W., 2002b. 
Synoptic- and micro-scale meteorological controls on PM: 5, ozone, and carbon 
monoxide concentrations in rural New England: A case study. To be submitted to 
the Journal o f  the Air <£ Waste Management Association.
Slater, J.F., Dibb, J.E., Campbell, J.W., 2002c. A comparison o f  aerosol optical depth 
measurements by a shadowband radiometer to measurements by the Moderate 
Resolution Imaging Spectrometer (MODIS). To be submitted to the International 
Journal o f  Remote Sensing.
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
7CHAPTER 2 
LIGHT EXTINCTION BY ATMOSPHERIC PARTICLES IN THE WHITE 
MOUNTAINS REGION OF NEW HAMPSHIRE  
Abstract
Chemical, optical, and physical measurements o f fine aerosols have been 
performed at a mountaintop location adjacent to the White Mountain National Forest in 
northern NH, USA. A one-month long sampling campaign was conducted at Cranmore 
Mountain during spring, 2000. We report on the apportionment o f  light extinction by fine 
aerosols into its major chemical components, and relationships between variations in 
aerosol parameters and changes in air mass origin. Two distinct transport regimes were 
observed: 1) flow from the north/northeast (N/NE) occurred during 9 out o f  18 sample- 
days and 2) flow from the west/southwest (W/SW) occurred 8  out o f  18 sample-days. All 
measured and derived aerosol and meteorological parameters were separated into two 
categories based on these different flow scenarios. During W/SW flow, higher values o f 
aerosol chemical concentration, absorption and scattering coefficients, number density, 
and haziness were observed compared to N/NE flow. The highest level o f  haziness was 
associated with the climate classification Frontal Atlantic Return, which brought polluted 
air into the region from the mid-Atlantic corridor. Results from this work can be used to 
predict visual air quality in the White Mountain National Forest based on a forecasted 
synoptic climate classification and its associated visibility.
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
82.1 Introduction
The scattering and absorption o f light by fine aerosols (airborne particles with an 
aerodynamic diameter < 2.5 pm; PM: j) are the primary causes o f  reduced visibility in 
remote, rural, and urban areas. The interaction c f  fine particles and light can also impact 
the Earth’s radiation balance by imposing a change in the net radiative flux at a level in 
the atmosphere (IPCC, 1995). The response to such a flux change can cause variations in 
atmospheric and surface temperatures, which affect evaporation and condensation 
processes, as well as atmospheric convective and circulation patterns (Russell et al.,
1999). However, aerosol chemical and physical properties vary appreciably in both space 
and time, making it difficult to predict how light extinction by fine particles may impact 
regional visibility and regional climate.
Atmospheric aerosol burdens in New England are heavily impacted by transport 
from distant industrial and urban sources in the mid-Atlantic U.S., mid-western U.S., and 
southern Canada (along with local sources) (e.g., Poirot et al., 2000; Jordan et al., 2000). 
Also, comparatively cleaner air masses from the north and northeast are frequently 
transported into the region (e.g.. Moody et al., 1998). Rural New England aerosol 
monitoring sites that are interested in the impact fine particles have on visibility include 
locations within the Interagency Monitoring o f Protected Visual Environments 
(IMPROVE) network (Malm et al., 1994) and the Northeast States for Coordinated Air 
Use Management network (Poirot et al., 1991; Flocchini et al., 1990). Results from the 
IMPROVE site at Acadia National Park, ME indicate that light extinction by PM: < can be 
attributed to (in decreasing significance) light scattering by sulfate salts, organic carbon.
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9and nitrates, along with light absorption by elemental carbon and fine mineral dust (Sisler 
and Malm, 2000; Malm et al., 1994).
Along with these monitoring networks, several studies have been conducted in the 
northeast aimed at associating air mass transport with air quality and visibility. Poirot 
and Wishinski (1986) found that high levels o f summertime aerosol sulfate and reduced 
visibility in northern Vermont were associated with air mass transport from the west and 
southwest, compared to transport from the north. Similarly, Brankov et al. (1998) 
demonstrated that significantly higher ozone levels were observed at Whiteface Mountain 
in northern New York State during southwesterly transport scenarios, compared to 
northerly flows, while Poirot and Wishinski (1998) and Wishinski and Poirot (1998) 
presented a comprehensive study associating high ozone days in the northeast with 
transport from the industrial Midwest.
In the current work, we report on a one-month field campaign aimed at 
determining how the chemical, physical, and optical properties o f  fine aerosols vary as air 
masses o f  different geographic origin are transported to a rural northern New Hampshire 
site. Fine aerosol sampling was conducted from April 18 to May 13, 2000 at the summit 
of Cranmore Mountain (44.05 °N, 71.09 °W, 508 m elevation), located near the White 
Mountain National Forest (Figure 2.1). We also associate PMi 5 properties at the site 
with synoptic-scale climate classifications in an attempt to improve our ability to predict 
the impact fine particles may have on regional visibility.
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Figure 2.1 Map showing the location o f  the sampling site (Cranmore M ountain; 44.05 
°N, 71.09 °W, 508 m elevation) in relation to Mt. Washington, and the White 
Mountain National Forest (shaded area). Also shown is a map o f  New 
England (inset).
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
II
2.2 Background
Visual air quality can be assessed in relation to visual range (Vm), which is inversely 
related to the light extinction coefficient (b„,) by (Middleton, 1952):
Vm = 3.912/bexl (2.1)
Because this index is non-linear with respect to perceived visual changes in a scene, 
Pitchford and Malm (1994) developed a standard visual index that is linear with respect 
to fractional changes in bCXI, termed the deciview (dv):
Haziness(dv) = 10 In (bex,/0.01 km '1) (2.2)
where 0.01 km is a reference extinction coefficient which corresponds to a pristine 
atmosphere (particle-free at 1.8 km elevation). Thus, dv = 0 in a particle-free 
atmosphere, and increases as visibility degrades (Pitchford and Malm, 1994). A 1 dv 
change is about a 10% change in bcxt and is a discernible scenic change under most 
atmospheric conditions (Sisler and Malm, 2000). To use Equations (2.1) and (2.2) with 
point source measurements, it is assumed that the particle physical and chemical 
properties, and atmospheric illumination, are homogeneous over the entire sight path.
The extinction coefficient can also be broken down into its major components by: 
bext — bsp + bap ■+■ bSg + bag (2.3)
where bsp and bap refer to scattering and absorption o f light by particles, and bsg and bag 
refer to scattering and absorption by gases (all are wavelength dependent). Light 
absorption by gases is primarily attributed to NO:. In rural areas (such as in this study) 
NO: levels are normally too low to contribute significantly to be*t (W olff et al., 1986). 
Light scattering by gases (Rayleigh scattering) is fairly well understood and can easily be
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accounted for (van de Hulst, 1981). Absorption by fine particles is predominantly due to 
elemental carbon (EC), along with minor contributions by mineral dust (Horvath, 1993). 
Several studies have shown that light scattering by fine particles usually dominates light 
extinction in most settings (e.g., W olff et al., 1986; Groblicki et al., 1981; Charlson et al., 
1972).
To connect the scattering and absorption o f  light by fine particles and the 
chemical composition o f  those particles, specific light scattering and absorption 
efficiencies are derived. Light absorption efficiency is typically assumed to depend only 
on the presence o f EC (also referred to as black carbon and light-absorbing carbon); 
therefore, absorption efficiency is defined as the incremental change in bap per unit 
changes in EC mass (per volume o f  air) and can be derived by simple linear regression. 
Light scattering efficiency, on the other hand, should be derived for each chemical 
species present that contributes to scattering (e.g., Sloane, 1986). Thus, light scattering 
efficiencies are the proportionality constants that are estimated by multivariate regression 
analysis such that:
bsp = £  a, M, (2.4)
I
where M, represents the fine particle mass o f  chemical specie i per volume o f  air and a, is 
the fitting constant that is interpreted as the light scattering efficiency o f chemical species 
i (Sloane, 1986; Ouimette and Flagan, 1982; White and Roberts, 1977).
Equation (2.4) assumes that the aerosol is externally mixed (discrete particles o f 
one chemical composition); however. White (1986) demonstrated that the chemical 
apportionment o f  the light extinction budget could not be treated identically for an 
external versus an internal mixture (particles o f  two or more chemical components).
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However, more recent theoretical work by Malm and Kreidenweis (1997) showed that 
scattering efficiencies o f  mixtures o f  organic carbon and sulfates were insensitive to the 
choice o f  internal or external mixtures.
2.3 Methods
2.3.1 Fine particle sampling
A weatherproof temperature-controlled sampling device was used to deliver PM: 
to three 47 mm diameter filter cartridges (two quartz-fiber filters and one teflon filter), a 
Particle Soct /Absorption Photometer (PSAP, Radiance Research, Seattle, WA), and an 
integrating nephelometer (M903, Radiance Research). Temperature within the device is 
kept slightly above the outside temperature to inhibit condensation from forming. The 
device's inlet is a URG (University Research Glassware, Research Triangle Park (RTP), 
NC) cyclone that has been characterized to have a D50 2.5 pm cut point at 93 liters per 
minute (1pm) flow rate. Ambient air is split into the five channels with 28 1pm going to 
each o f the three filter cartridges, 7 1pm to the nephelometer, and 2 1pm to the 
photometer.
Although the sampling equipment was in place for 26 days (April 18 -  May 13,
2 0 0 0 ), all parameters were only measured on 18 days due to logistic difficulties during 2  
periods o f  time (April 21 -24 and May 1-4). Filter samples were collected during the 18- 
day period every 24 hours (10:00 to 10:00 EST); field, handling, and filter blanks were 
obtained every 5 days. The teflon filters (FALP04700, Millipore, Bedford, MA) were 
extracted in Milli-Q water after being wetted with high purity methanol and then 
analyzed for eight inorganic ions (Ca2\  Na~, Mg2\  K \  N H /, C l\ N O 3 , and SO42') at the
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
14
University o f  New Hampshire by ion chromatography. One o f  the quartz filters (2500 
QAT-UP, Pall Gelman. Ann Arbor. MI) was analyzed for EC, organic carbon (OC), and 
total carbon (TC) using the thermal-optical/transmission method at Sunset Lab, RTP, NC 
(Birch and Cary, 1996). The other quartz filter was archived for future OC molecular 
speciation.
Both positive and negative sampling artifacts complicate quartz-fiber filter 
collection o f  OC. The adsorption o f organic vapors on the filter can cause a positive 
artifact, and the loss o f  semi-volatile organic compounds can cause an underestimate of 
particulate OC (negative artifact). Several investigators suggest that adsorption is the 
dominant artifact, sometimes causing an overestimate o f particulate OC by as much as 
30% (Turpin et al„ 1994; Cadle and Groblicki, 1983). Others have indicated that the 
negative artifact dominates and can cause o f  loss o f OC o f between 30-45% (Eatough et 
al., 1999; Cui et al., 1997; Eatough et al„ 1995). In this study we collected OC on a 
single filter and did not attempt to correct for any artifacts; therefore, the reader should 
bear in mind that these possible artifacts may exist.
Along with the above optical and chemical measurements, a Condensation 
Particle Counter (TSI, Inc., St. Paul, MN; Model 3022A) was used to measure the 
number concentration o f submicrometer airborne particles larger than 0 . 0 1  pm in 
diameter. The particles are detected and counted by an optical detector after 
supersaturated vapor condenses onto the particles, causing them to grow to larger 
droplets. The number density detection is from less than .007 particles/cm' to 9.99 x 106 
particles/cm3. The instrument, which has an internal pump, was set-up so that its inlet 
was next to the inlet o f  our PM: 5 sampling device.
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2.3.2 Optical instrumentation
The PSAP’s measurement method is based on the integrating plate technique in 
which the change in optical transmission through a filter caused by particle deposition is 
related to the optical absorption coefficient (bap) using Beer’s law and a calibration 
transfer coefficient (Lin et al., 1973). The PSAP produces a continuous measurement as 
particles are being deposited by monitoring the change in filter transmission using a 565 
run wav elength LED. The instrument cannot be routinely calibrated, so the user relies on 
the manufacturer’s calibration and the stable performance o f the instrument over time. 
With a side-by-side comparison o f two instruments. Bond et al. (1999) demonstrated that 
the instruments agreed to better than 5%. However, the authors also noted variations in 
particle deposit size used in the calculation o f  bap by the instrument’s software, and air 
flow rate as measured by an internal mass flow meter, and recommend correction factors 
for both o f these discrepancies. We have applied both o f  these corrections in the current 
work, as well as a correction for scattering interferences (2% of the measured scattering 
coefficient), as suggested by Bond et al. (1999).
The M903 nephelometer performs a geometrical integration o f  the angular 
distribution o f scattering intensity at a wavelength o f  530 nm. Based on Beer’s law, the 
scattering coefficient (bsp) is measured with the combination o f a Lambertian light source 
and an orthogonal light detector. Pressure and temperature sensors allow the 
instrument’s software to correct for Rayleigh scattering. Relative humidity (RH) o f  the 
sample air is also monitored using a hygrometer (uncertainty ± 2%) and recorded. To 
calibrate the instrument, one first fills its cavity with particle-free air and zeros the digital 
readout, followed by filling the cavity with a gas with a known scattering coefficient and
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adjusting the readout to that coefficient. For this work, the nephelometer was calibrated 
prior to and following field deployment with filtered air and filtered COjig).
No studies have appeared in the literature that quantifies the uncertainty in bsp 
measured by the M903; however, Andersen et al. (1996) have quantified several 
uncertainties in a different instrument that are applicable to most nephelometers. The 
authors estimate that nonidealities on the wavelength and angular sensitivities in 
nephelometers reduce the bsp measurement accuracy (within ±10%), along with the CO? 
calibration contributing about a ±1% uncertainty to fine particle scattering measurements 
(Andersen et al., 1996). We have combined these uncertainties with the uncertainty in bap 
measured by the PSAP (-5% ), to estimate the uncertainty in bCXI.
Although we recognize that inorganic aerosols which have an affinity for water 
(e.g., sulfates and nitrates) experience scattering efficiency changes as a function o f  RH 
(e.g., Tang and Munkelwitz, 1994) and that the hygroscopic behavior o f OC aerosols can 
affect scattering efficiencies and can possibly alter the hygroscopic behavior o f inorganic 
aerosols (Saxena et al., 1995), we have not attempted to correct our bsp measurements for 
the effects o f  water absorption on particle light extinction. As mentioned above, the 
temperature within the sampling device is maintained slightly higher (~1 °C) than 
ambient temperature. Therefore the RH measurements performed by the hygrometer in 
the nephelometer are likely less than ambient RH; unfortunately, we did not measure 
ambient RH at the site. Nonetheless, during the entire sampling campaign the sample air 
RH exceeded 50% on just two days (May 8 and May 9). During April 18-30 the sample 
air daily average RH was 21 ± 6% and during May 4-12 the daily average RH was 41 ± 
10%. Based on these results it is unlikely that ambient RH exceeded 60% during this
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sampling campaign, allowing us to assume that particle water absorption did not have a 
significant efTect on light scattering efficiencies.
2.3.3 Deriving mass scattering and absorption efficiencies
Based on Equation (2.4), multiple linear regression (MLR) was used to estimate 
scattering efficiencies and their associated uncertainty for the major chemical 
components present in the 18 sets o f  filter samples collected. We assumed that the 
aerosol is externally mixed and used compound concentrations that were derived by 
applying conversion factors to the measured inorganic ion and OC concentrations. These 
adjusted values were then incorporated into the MLR model to apportion scattering into 
its major components. To estimate which inorganic compounds in the aerosol were 
contributing to the major portion o f  light scattering, we compared the concentrations o f 
the soluble ions measured. Linear regression o f ammonium and sulfate (in equivalents) 
helped to distinguish which sulfate salt may have been present on the filters. To establish 
if  ammonium nitrate was present, we determined if there was any excess ammonium on 
the filter based the above regression coefficient and the nitrate concentration. From these 
results, we were able to determine which compounds should be incorporated into the 
MLR model.
Since carbonaceous aerosols can consist o f a large number o f  different 
compounds that contain H, O, and possibly hetero-atoms from a variety o f  natural and 
anthropogenic sources (e.g., Rogge et al., 1993), a conversion factor is needed to estimate 
the mass o f  OC from the mass o f carbon quantified in the thermal-optical method. 
Conversion factors o f -1 .4  have been used extensively in the literature (e.g., Gray et al..
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1986; W olff et al., 1981). In comparison, Hegg et al. (1997) chose a conversion factor o f
1.7 based on the presumption that they were sampling a combination o f  anthropogenic 
(e.g., PAHs with a molecular to C ratio o f <1.05) and natural aerosols (e.g., carboxylic 
and dicarboxylic acids with molecular to C ratios o f  2.5-4.0) over the Atlantic Ocean 
close to the east coast o f the U.S. Although there is most likely a mixture o f  
anthropogenic and natural organic compounds transported to our sampling site, we expect 
a large amount o f  oxygenated compounds based on the site’s rural location. Therefore, to 
obtain the concentration o f  OC the measured “OC” w as multiplied by a factor o f  1.7 and 
included in the MLR model, along with a 24-hour average o f  the scattering coefficient.
Fine particle mass scattering efficiency was calculated using simple linear 
regression o f  24-hour average absorption coefficients measured by the PSAP (after 
applying the correction factors listed in Section 2.3.2) and the 24-hour integrated EC 
concentrations measured by thermal-optical/transmission (Birch and Cary, 1996).
2.3.4 Classifying air mass history and synoptic weather conditions
To determine the history of air masses transported to the site, we calculated 3-day 
backward trajectories using the National Oceanic and Atmospheric Administration’s Air 
Resource Laboratory HYSPLIT 4 model (Draxler and Hess, 1997). Trajectories were 
produced at three height intervals (500m, 1000m, and 1500m above ground level) every 
six hours (0000, 0600, 1200, and 1800 GMT) during April 18 -  May 13, 2000. The 
trajectories were manually classified into different geographic areas based on their 3-day 
origins and their apparent transport path. In addition, a manual synoptic climate 
classification system was used to characterize large-scale weather conditions every 1 2
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hours (0000 and 1200 GMT) during the 26-day study period. We used a surface 
atmospheric pressure-based system that is reliant on the classic cyclone-anticyclone 
models, with their centers o f  low and high pressure, respectively, and associated frontal 
boundaries, rainshields and wind vectors (B. D. Keim and L. D. Meeker, A Manual 
Synoptic Climate Classification for the East Coast o f  New England, U.S.A., unpublished 
manuscript, 2001, hereafter referred to as Keim and Meeker, 2001).
2.4 Results and Discussion
2.4.1 Segregating the data based on synoptic-scale air mass flow
There w ere two distinctly different types o f  flow regimes that occurred during the 
study period. Based on the 3-day backward trajectories and the surface synoptic climate 
classification system. How was predominantly from the north/northeast (N/NE) during 
April 18-30 (Figure 2.2a) and from the west/southwest (W/SW) from May 5-11 (Figure 
2.2b). Therefore, we have segregated our measured and derived parameters into two 
“bins" based on these air mass history differences, from which two separate regression 
analyses are performed to estimate mass scattering and absorption efficiencies. On May 
1 2 , however, flow w as mainly out o f the northwest, causing that day to be excluded from 
either bin.
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Figure 2.2 Ensemble diagrams o f  3-day backward air mass trajectories originating at 
Cranmore Mountain, calculated using NOAA-ARL’s HYSPLIT 4 model 
(Draxler and Hess, 1997). The trajectories have a starting height o f  1500 m 
above ground level and have been calculated every 6  hours. Figure 2a shows 
north/northeastem transport that occurred during April 18-30, 2000 and Figure 
2b illustrates west/southwest flow that occurred during May 4-12, 2000.
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The manual synoptic clim ate classification system that we used was developed by 
Keim and Meeker (2001) for the East Coast o f  New England and involves 9 all-inclusive 
weather types. The climate classification when transport was out o f  the north in this 
study (Figure 2.3a) is referred to as Frontal Over-Running Continental (FOR-C) and 
consists o f  a cold front that has recently moved through the area, and a high pressure 
system that typically builds in from the west or northwest driving winds into the area 
from the north (Figure 2.3b). W hen transport was from the north-to-northeast (Figure 
2.4a), it was mainly associated with Canadian High (CH) weather, according to the 
synoptic classification, which consists o f an anticyclone located to the northwest o f New 
England (Figure 2.4b). On one day during N/NE transport (April 29) the climate 
classification was New England High (NEH), which can be described as a dome o f high 
pressure that has tracked directly over New England, with relatively weak surface air 
flow.
When transport was from the W/SW (Figure 2.5a), the synoptic conditions were 
typically Frontal Atlantic Return (FAR), which placed the region within the warm sector 
o f a mid-latitude cyclone anchored to the west, with south or southwesterly flow (Figure 
2.5b). Other conditions observed during W/SW flow were (1) Atlantic Return (AR), 
which occurs when a high pressure system is positioned to the southeast o f  New England, 
just offshore from the mid-Atlantic states, and steers southwest winds into the region, and 
(2) Frontal Over-Running Marine (FOR-M) that usually consists o f  a low pressure system 
either offshore, or south o f  New England, which normally produces rain in the region.
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Figure 2.3 Backward air mass trajectories (a) at three height intervals (500m, 1000m, and 
1500m above ground level) depicting transport from the north. Figure 3b 
shows the synoptic climate classification associated with this type o f  transport 
(Frontal Over-Running Continental).
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Figure 2.4 Backward air mass trajectories (a) illustrating transport from the northeast and 
the associated synoptic climate classification: Canadian High (b).
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
24
N O A A  A IR  R F S O U R C r S  i A R O R A T O R V




Figure 2.5 Backward air mass trajectories (a) showing transport out o f the
west/southwest and the synoptic climate classification associated with this type 
o f flow: Frontal Atlantic Return (b).
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We recognize that this classification system and the backward trajectories depict 
atmospheric conditions and flow patterns during a relatively short time window and 
cannot account for conditions and flow between the times when the pressure fields (every 
12 hours) and trajectories (every 6  hours) were created. Nonetheless, the consistency in 
the distinctly different flow patterns (Figure 2.2) and synoptic conditions that was 
observed during the two time intervals (April 18-30 and May 5-11), allows us to assume 
that similar atmospheric conditions prevailed throughout each time interval.
2.4.2 Relationships between haziness, transport patterns, and climate classifications
During April 18-30 (N/NE flow regime), cool and dry air flowed into the region 
from Canada. Daily average haziness (calculated using Equation (2.2) and assuming 
Rayleigh scattering = 10 Mm'1) varied from a high o f  10.7 dv on April 20 and April 27 to 
a low o f 3.5 dv on April 19, with a mean value o f  7.3 ± 2.5 dv for the entire period 
(Figure 2.6c). The synoptic classification on these three days was FOR-C (Figure 2.3b; 
Figure 2.6c). When transport was from the W/SW, haziness was generally higher, as 
compared to transport from the N/NE (Figs. 2.6c and 2.7c). The highest measure o f 
haziness (dv = 17.2) was observed on May 7, which was a typical “hazy, hot, and humid” 
day with reduced visibility (as noted by field personnel). The synoptic climate condition 
on this day was classified as FAR, which brought warm, moist, and polluted air into the 
region from the southwest (Figure 2.5; Fig 2.7c). The mean and standard deviation o f 
haziness for the W/SW transport period was 9.96 ± 6.17.
Above average haziness was not observed during all W/SW transport days. One 
exception was on May 10 when a value o f 1.0 dv was derived. However, this value does
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
26
not truly represent visibility on this day. Because dv is based on a point source 
measurement (bex[), inhomogeneous illumination o f  the atmosphere is not considered. In 
fact, on this day there were low clouds and precipitation in the vicinity o f  Cranmore 
Mountain, limiting visibility considerably. Therefore, the measure o f haziness calculated 
using an average value o f  bcxt can sometimes be misleading and should be used in 
conjunction w ith human observ ations o f  changes in the contrast o f distant markers 
against the horizon sky (cf. Trijonis, 1982). Nonetheless, the dv values presented in 
Figures 2.6c and 2.7c can be used as an indicator o f  visibility differences between the two 
air mass source regions and the different synoptic climate classifications during the 
periods o f time w hen significant low clouds and precipitation are not present (all days 
except May 9-1 1 ).
2.4.3 Fine particle chemical, physical, and optical properties
There are differences betw een the chemical concentrations o f PM? 5 during times 
o f transport from the N/NE (Figure 2.6b) compared to time when transport was from the 
VV SW (Figure 2.7b). Although a Students T-test reveals that the difference between 
N/NE and W/SW sample means (Table 1) is not statistically significant (p > 0.20), we did 
observe above average concentrations o f  (NHjJjSOj, OC, and EC during the first 4 days 
o f  W/SW transport (Figure 2.7b). Average concentrations o f  the major contributors to 
light scattering (SO.!2' and OC) during W/SW transport are similar to those reported for 
annual averages at the New England IMPROVE site (Sisler and Malm, 2000), and are 
slightly below those values reported for a rural site in central MA (Cass et al., 1999) 
(Table 2.1). The mean concentrations o f  EC, on the other hand, are considerably less
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than the values reported at these other two New England sites. Concentrations o f 
(NH-jhSOa, OC, and EC were fairly consistent when transport was from the N/NE (Figure 
2.6b). In contrast, levels o f  these species decreased substantially during May 9-11 when 
transport was from the W/SW (Figure 2.7b). During this period, there was constant 
precipitation and low clouds in the Cranmore Mountain region. These low 
concentrations, therefore, reflect the ability o f precipitation to efficiently remove particles 
from the atmosphere.
Variations in hourly values o f  bsp, bap, and particle number density mirror the 
trends observed in the PM: 5 chemistry measurements. The low chemical concentrations 
observed from May 9-11 are associated with below average fine particle density, bsp, and 
bap (Figure 2.7a). As expected, during days o f  above average (NHjhSO-i, bsp is also 
above average in both the N/NE and W/SW data sets (Figs. 6 a, 6 b, 7a, and 7b). Hourly 
averages o f particle number density and bap follow similar trends in the W/SW data (r2 = 
.54; p < 0.001); however, there is little correlation between the two variables in the N/NE 
data (r2 = .01; p = 0.5). A possible explanation for this non-correlation in the N/NE data 
is a difference in the size distribution o f particles that are counted by the TSI particle 
counter and the size o f particles that are the most efficient at absorbing light. The 
theoretical absorption efficiency o f  EC peaks at a particle diameter o f -0.2 pm 
(Hitzenberger et al., 1999), while the major portion o f particles counted by the TSI 
instrument typically fall in the 0.01 to 0.05 pm range (which falls out o f the efficient EC 
absorption efficiency range). By the same reasoning, it is possible that during W/SW 
transport, a slightly larger size distribution o f  particles were sampled, accounting for the 
higher correlation between bap and number density.
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Table 2.1 New England PM: 5 Sulfate, OC, and EC Comparison ( |ig /n v )
Sample
Description SO 42' OC EC N = Reference
N-NE
Days 1.1 ± 0.6a 1.7 ± 0.6b 0.08 ± 0.03 9 This work
W-SW
Days 2.1 ± 1.9 2.5 ±1 .6  0.13 ±0 .08  8  This work
Acadia, ME





Central MA 2.8 ± 1.2a 3 .5 ± 0 .7 ‘ 0.43 ±0 .15  15 Cass et
Spring, 1995e al.. 1999
J Mean r standard deviation
h OC measured mass (by Thermal-OpticaLTransmission) x 1.7 correction factor 
" Annuai average reported as (NH4):S 0 4 and corrected to S O / for this comparison 
4 OC measured mass (by Thermal-Optical Reflectance) x 1,7 correction factor 
c Mean r standard deviation of reported values for March, April, and May 1995 
' OC measured mass (by Thermal-Optical Transmission) x 1.4 correction factor
2.4.4 Choosing Inorganic Compounds for the MLR model
To estimate the major inorganic compounds contributing to light scattering we 
compared the concentration o f the major soluble ions measured. Linear regression (in 
equivalents) o f [N H /] (dependent variable) and [SO4 2 ] produced a slope o f 0.93 ± 0.02 
with an r2 = 0.99 (p < 0.001), indicating that SO 4 2 is mainly present as ammonium 
sulfate. Calcium and magnesium ion concentrations were, on average, less than 1% of 
[NHa ] and [SOa2 ], leading to the assumption that fine particle mineral dust is not 
contributing significantly to light extinction. Results from the IMPROVE site at Acadia 
National Park, ME indicate that coarse and fine soil contributes just 3% to light 
extinction (Sisler and Malm, 2000). Even though our estimates o f  fine particle dust are 
low due to the fact that all atmospheric Ca and Mg does not dissolve in water, we are able
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Figure 2.6 (a) April 18-30, 2000 time series o f  hourly averages o f  fine particle number 
density, absorption coefficient (bap), and scattering coefficient (bsp), (b) PM; 5 
EC, OC), and (NH-jhSOa) concentrations. Error bars in Figure 5b represent the 
combined standard uncertainty o f the chemical and airflow measurements; (c) 
24-hour average haziness and each day's synoptic climate classification (see 
text). Error in haziness results from uncertainties in bap and bsp
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Figure 2.7 May 4 -12, 2000 time series o f  same parameters as Figure 2.6. May 12 data 
are included in the diagram, but have been excluded from data used to estimate 
mass scattering and absorption efficiencies (see text).
to assume that fine soil did not contribute significantly to light extinction at Cranmore 
Mountain during this period based on the results from the New England IMPROVE site, 
and the fact that soil has a relatively low scattering efficiency ( - 1  m:g'*)-
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Similar to Ca:* levels, nitrate concentrations were less than 2% of [SO42"], 
allowing us to assume that ammonium nitrate was not present to any large extent on the 
filters. Several investigations have shown that if  sulfate, nitrate, and ammonium are 
present in an aqueous droplet (or their gas-phase precursors in the atmosphere), 
ammonium sulfate and ammonium bisulfate will preferentially form over ammonium 
nitrate (e.g., Seinfeld and Pandis, 1998). Based on the above regression slope (0.93 ± 
.0 2 ), it is likely that all o f the ammonium present is associated with ammonium sulfate; 
therefore we did not include ammonium nitrate in the MLR analysis. Thus, [SO4* ] was 
multiplied by a conversion factor o f 1.4 to obtain the concentration o f (NH4 ):S 0 4 , which 
was incorporated into the MLR model, along with the [OC] that was multiplied by a 
conversion factor of 1.7.
2.4.5 Fine particle mass scattering and absorption efficiencies
The light scattering efficiencies o f  (NH 4 );S0 4  during the two different transport 
regimes are 5.35 ± 0.42 m:g'' when transport was out o f  the N/NE, and 4.94 ± 0.68 m‘g'' 
when transport was from the W/SW (Table 2.2). These values are above the value o f 2.7 
± 1 .3 m2 g '' for a dry ( '3 0 %  RH) scattering efficiency o f  NH4 HSO4 reported by Hegg et 
al. (1997) for an aerosol sampled off the U.S. mid-Atlantic coast. However, our values 
are similar to the value o f  4.9 nTg ' 1 for (NH4 hSC>4 given by Sloane (1983) for an urban 
aerosol. In comparison, the scattering efficiency o f  OC during transport from the N/NE 
is 1.56 ± 0.40 n r g '1. and during W/SW transport days an OC scattering efficiency o f  2.18 
± 0.91 was derived (Table 2.2). These values are considerably lower than the OC 
scattering efficiencies o f 4.5 n rg ' 1 reported by Sloane (1983) for an urban aerosol, and
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3.8 irTg ' 1 reported for low RH (<63%) by Omar et al. (1999) at a rural site in Illinois. 
Under estimates and over estimates o f the regression analysis fitting constant (i.e, 
scattering efficiency) observ ed above are likely the result o f  a small sample size. For 
example, the complexity o f  the multivariate technique often results in an “overfitting" o f 
the data in small sample sizes (< 2 0 ) such that the results are artificially good because 
they fit the sample very well (e.g.. Hair, et al., 1998). Thus, these results should be 
interpreted cautiously.
Table 2.2 Fine Particle Mass Scattering Efficiencies for the Two Transport Regimes
Transport
Origin









North/Northeast 5.35 ± 0.42c < 0 . 0 0 0 1 1.56 ± 0.40L < 0 . 0 1 0.987 9
West/Southwest 4.94 ± 0.68 < 0 . 0 0 1 2.18 ± 0.91 <0.05 0.999 8
1 Units are m* g
b Coefficient of determination of multivariate linear regression 
c Standard deviation
EC mass absorption efficiencies derived in this work are similar to the theoretical 
value o f  1 0  m 2 g ' 1 derived for monodisperse carbon particles with a radius o f 0 . 1 0  pm in 
monochromatic light with a wavelength o f  550 nm (Horvath, 1993). During N/NE 
transport days we derived an EC mass absorption efficiency o f  9.66 ± 1.06 nCg'1, and
10.08 ± 1.76 irTg ' 1 during W/SW transport (Table 3). These values are near the median 
o f the 2-25 m:g '' range reported by Liousse et al. (1993) in a literature survey o f 
absorption efficiencies. The authors propose that this large variability in reported values 
is closely connected with the nature o f  the combustion source and the aging o f the
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aerosols during transport (Liousse et al., 1993). This large range is also likely due to the 
lack o f  a universally accepted method for measuring EC (e.g., Chow et al., 2001).





North/Northeast 9.66 ± 1.06 b 0.92 < 0 . 0 0 0 1 9
W est Southwest 
----------- t t t—-------- r~r
10.80 ± 1.76 0 . 8 6 < 0 . 0 0 1 8
1 L'nits are m: g 1
b Standard error
2.S Summary and Conclusions
We have reported on a one-month study o f the physical, chemical, and optical 
properties o f fine particles at a mountaintop location in northern New Hampshire. Two 
distinctively different air mass transport situations were observed that caused a noticeable 
difference in light scattering and absorption coefficients, fine particle number density, 
haziness, and PM: 5 chemical composition. W'e have also observed a relationship 
between atmospheric haziness and synoptic-scale conditions. The highest values o f 
haziness were associated with the climate classification Frontal Atlantic Return, w hich 
brought warm, moist, and polluted air into the region from the mid-Atlantic corridor. 
Low'er values o f  haziness were associated w ith the classification Canadian High, w hich 
brought cool, dry, and relatively cleaner air into the region from Canada. Although the 
number o f sample-days was limited, this study has implications for predicting visual air 
quality in the White Mountain National Forest based on a forecasted synoptic climate 
classification and its associated change in visibility observed in this study.
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CHAPTER 3 
SYNOPTIC- AND MICRO-SCALE METEOROLOGICAL CONTROLS ON 
P M ^  OZONE, AND CARBON MONOXIDE CONCENTRATIONS IN 
RURAL NEW ENGLAND: A CASE STUDY 
Abstract
In late-October 2000, a region-wide pollution event was recorded at urban, rural, 
and remote air quality monitoring sites in New England. This work describes the 
synoptic- and micro-scale metrological conditions that influenced levels o f  ozone (Oj), 
carbon monoxide (CO), and aerosols at a rural site in southern New Hampshire 
(Thompson Farm), at a mountaintop site in northern New Hampshire (Mt. Washington), 
and at three urban sites in southern New England. Pollutants built-up in concentration 
during 22-28 October, culminated on 28 October, and then dropped 10-fold to 
background levels within a 6 -hour period. Synoptic weather conditions during the 
transition from high to low pollutant levels indicated that an intense frontal boundary 
traversed the region, serving as a divide between a warm, humid, and polluted air mass 
from the west-southw est, and a cold, dry, and clean air mass advancing out o f  Canada. 
Additionally micro-scale meteorology (i.e., mixed layer depth) has been recognized as 
playing a critical role in the diurnal cycle o f O 3 and PM: 5 at Thompson Farm, while 
fluctuations in the relative amounts o f  boundary layer air and upper tropospheric air 
transported to the summit o f Mt Washington influenced CO concentrations.
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
40
3.1 Introduction
The transport o f air pollutants from source regions to rural and remote areas is a 
major issue in regional air quality assessment and global climate studies (Ramanathan et 
al., 2001; Levy et al., 1997; Jacob et al., 1993; Parrish et al.. 1993). Air quality in the 
northeastern U.S. is heavily impacted by atmospheric transport from industrial and urban 
sources in the mid-Atlantic U.S.. mid-western U.S.. and southern Canada (along with 
local and regional sources) (e.g.. Poirot et al., 2000; Jordan et al., 2000; Moody et al., 
1998). Factors that influence ambient levels o f gaseous and particulate pollutants vary on 
several time scales and include changes in emission scenarios, variable physical and 
chemical removal processes, diurnal cycles in photochemical production and mixed layer 
depth, as well as variations in air mass source regions and transport pathways. In this 
work, we show how synoptic-scale meteorology can cause rapid and substantial changes 
in the ambient concentration o f  aerosols, carbon monoxide (CO), and ozone (O3) at both 
a rural site in southern New Hampshire (NH) and a semi-remote site in northern NH. We 
focus on a 9-day period in October 2000 that encompasses an unusually strong fall 
pollution event characterized by regional enhancements in atmospheric species. This 
paper also explores the meteorology that contributed to high levels o f particulate matter 
(PM) at the site in southern NH, which substantially reduced visibility.
Particulate matter and gaseous pollutants are physically and chemically coupled, 
thus an understanding o f  the meteorological mechanisms that influence the concentration 
o f  PM will also help understand influences on gas-phase pollutants. Furthermore, efforts 
aimed at reducing the concentrations o f PM, such as those proposed by the 1999
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Regional Haze Rule (EPA, 1999a), will also likely impact the concentration o f  certain 
gas-phase pollutants. Recent observations and numerical model results have shown that 
UV-scattering PM in the boundary layer can accelerate photochemical reactions and 
smog production, while UV-absorbing PM can inhibit smog production (Dickerson et al., 
1997). In addition, common components o f  PM such as sulfate ( S O / ) ,  nitrate (NO}’), 
ammonium (N H /) , and organic carbon (OC) are mainly formed in the atmosphere by 
gas-to-particle conversion processes (Seinfeld and Pandis, 1998; Turpin and Huntzicker, 
1995; Crutzen, 1983). These processes depend highly on the volatile organic carbon 
(VOC) and N O , (NO, = NO: + NO) gas-phase chemistry that generates 0} (Meng et al., 
1997). VOC and N 0 X chemistry is governed by the hydroxyl radical, whose levels 
depend on the mixture o f VOCs and the VOC/ N O, relative concentrations (Bowman and 
Seinfeld, 1994).
O f the many trace-gas species in the troposphere, CO and 0} are o f particular 
interest. Ozone is a critical species that drives tropospheric photochemistry and has 
natural as well as anthropogenic sources. CO is a long-lived tracer o f  combustion that 
helps to differentiate natural and anthropogenic sources o f O 3 (Parrish et al., 1998; Khalil 
and Rasmussen, 1990). The relatively long lifetime o f  CO in the troposphere (2-4 
months) helps to maintain significant background levels even in remote regions.
Oxidation o f  CO leads to the destruction or formation o f  O3, depending upon the NO, 
concentration (Seinfeld and Pandis, 1998). Tropospheric O3, in turn, is an important 
precursor o f  the hydroxyl radical which controls the oxidizing power o f  the atmosphere 
(Logan et al., 1981). In addition, O3 in high concentrations can be harmful to human 
health and to vegetation (Folinsbee et al., 1988; Reich and Amundson, 1985).
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Fine PM (PM: 5; particles with an aerodynamic diameter < 2.5 pm) also impacts 
human health and environmental conditions. Recent epidemiological evidence supports a 
link between adverse health effects and fine particles (e.g., Dockery et al., 1993). As a 
result, PM: 5 has been targeted for regulation by state and federal agencies because these 
small particles have the ability to penetrate into sensitive regions o f  the human 
respiratory tract (EPA, 1999b). PM is also the major cause o f reduced visibility in many 
parts o f the U.S. and can be a major source o f contaminants imported into otherwise 
pristine environments (Malm et al., 1994). There is, however, limited scientific 
information concerning the various sources o f airborne particles contributing to actual 
human exposures, the influence o f  meteorological conditions on pollutant concentrations, 
and the interactions o f gaseous pollutants and PM (NRC, 1998).
The impacts o f  fine particles on visibility and air quality have been investigated at 
a number o f  stations in the Interagency Monitoring o f  Protected Visual Environments 
(IMPROVE) network (Malm et al., 1994) and the Northeast States for Coordinated Air 
Use Management network (Poirot et al., 1991; Flocchini et al., 1990). Results from the 
IMPROVE site at Acadia National Park, ME indicate that light extinction by PM: 5 can 
be attributed to (in decreasing significance) light scattering by sulfate salts, organic 
carbon, and nitrates, along with light absorption by elemental carbon and fine mineral 
dust (Sisler and Malm, 2000).
Along with these monitoring networks, several studies have been conducted in the 
northeast that linked air mass transport with changes in ozone concentration, aerosol 
concentration, and visibility. Poirot and Wishinski (1986) found that high levels o f 
summertime aerosol sulfate and reduced visibility in northern Vermont were associated
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with air mass transport from the west and southwest (compared to transport from the 
north). Similarly, Brankov et al. (1998) demonstrated that significantly higher ozone 
levels were observ ed at Whiteface Mountain in northern New York State during 
southwesterly transport scenarios, compared to northerly flows, while Poirot and 
VVishinski (1998) and Wishinski and Poirot (1998) presented a comprehensive study 
associating high ozone days in the northeast w ith transport from the industrial mid-west.
In the current work w e inv estigate how the chemical, optical, and physical 
properties o f aerosols, as well as the mixing ratios o f  Os and CO, w ere influenced by 
changes in synoptic-scale and micro-scale meteorology at two sites in New Hampshire. 
Fine particle optical properties were used to estimate visibility degradation at a rural site 
in southern New Hampshire and bulk aerosol chemistry helped to determine the degree of 
acid neutralization at a remote site in northern New Hampshire. In addition, CO data 
from three urban monitoring locations within New England were examined to determine 
the spatial extent o f the meteorological impacts on pollutant concentration, w hile 
backward trajectories and surface atmospheric pressure charts were used to investigate 
synoptic-scale transport to the rural and remote measurement sites.
3.2 Experimental Methods
3.2.1 Measurement Sites
The measurement sites were located in a rural area o f southern New Hampshire 
(Thompson Farm; 43.111>N. 70.95°W; 21 m elevation) and in a remote region o f northern 
New Hampshire (Mt. Washington; 44.16°N, 71.18°W; 1917 m elevation) (Figure 3.1).
The Thompson Farm site is located on a knoll in a meadow that is removed from
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substantial local sources o f airborne pollutants. A lightly traveled paved road is less than 
1 km to the south, a moderately traveled paved road is 5 km to the east, and Interstate 95 
is 15 km eastward. The other sampling site is at the summit o f  Mt. Washington, the 
highest peak in the northeastern U.S, where meteorological observations have been made 
since the 1930s. These air quality measurement sites are part o f  the AIRMAP 
(Atmospheric Investigation, Regional Modeling, Analysis, and Prediction) program at the 
University o f  New Hampshire.
3.2.2 Aerosol Chemical, Optical, and Physical Measurements
To measure the chemical and optical properties o f PM; 5 at the Thompson Farm 
site, we use a custom manufactured sampling device that delivers PM; 5 to three 47 mm 
diameter filter cartridges, a Particle Soot Absorption Photometer (PSAP, Radiance 
Research, Seattle, WA), and an integrating nephelometer (M903, Radiance Research).
The device is located on a platform 5m above the ground. Temperature within the 
sampling device is kept slightly above (~l°C ) the outside temperature to inhibit 
condensation o f  water vapor. The device’s inlet is a URG (University Research 
Glassware, RTP, NC) cyclone that has been characterized to have a D50 2.5 pm cut point 
at 93 liters per minute (1pm) flow rate. Ambient air is split into five channels with 28 1pm 
going to each o f the three filter cartridges (teflon filter, quartz-fiber filter, and an optional 
cartridge), 7 1pm to the nephelometer, and 2 1pm to the photometer. The optional filter 
cartridge was not used during this work.









Figure 3.1 Map o f New England showing the location o f  AIRMAP sampling sites at 
Thompson Farm and Mt. Washington, as well as U.S. EPA urban air quality 
monitoring sites in Lowell, MA, Worcester, MA, and Providence, RI.
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At Mt. Washington, total suspended particles are collected at a flow rate o f  50 
1pm on 90 mm teflon filters. The sample inlet is located near the top o f  an observatory 
tower approximately 20 m above the ground. The inlet is designed to prohibit water 
droplets, rime, or snow from reaching the filter, even during high wind conditions that 
often exist at the summit. At both sites, filter samples were collected every 24 hours 
(0800 to 0800 EST), while field blanks were obtained every 7 days. The teflon filters 
(FALP, Millipore, Bedford, MA) were extracted in Milli-Q water after being wetted with 
high purity methanol and then analyzed for eight inorganic ions (Ca2*. N a \ Mg2*, K \  
N H /, Cl', N O j', and S 0 42') and one organic ion (oxalate) at the University o f New 
Hampshire by ion chromatography (cf., Jordan et al., 2000). Although all ions were 
measured, we report on just N H / and S 0 42' at both sites, as well as NO3' at the Mt. 
Washington site. The limit o f  detection (LOD) is 0.001 pg/m 3 for NO;,', 0.02 pg/m 3 for 
N H /, and 0.002 pg/m 3 for S O / ' as determined by three times the standard deviation of 
45 field blanks collected at the two sites during the year 2000. The estimated relative 
precision (coefficient o f  variance o f  duplicate measurements) is 5.4% for N O /  1.1% for 
N H /, and 0.6% for S 0 42'.
The quartz filters (2500 QAT-UP, Pall Gelman, Ann Arbor, MI) collected at the 
Thompson Farm site were analyzed for elemental carbon (EC), organic carbon (OC), and 
total carbon (TC) using the thermal-optical/transmission method (Birch and Cary, 1996). 
Since carbonaceous aerosols can consist o f  a large number o f  different compounds that 
contain H, O, and possibly hetero-atoms from a variety o f  natural and anthropogenic 
sources (e.g., Rogge et al., 1993), a conversion factor is needed to estimate the mass o f 
OC from the mass o f  carbon quantified by the thermal-optical method. In this work, we
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have applied a conversion factor o f  1.4, as suggested by several authors (Gray et al.,
1986; W olff et al., 1981). Both positive (Turpin et al., 1994) and negative (Eatough et 
al., 1999) sampling artifacts can complicate quartz-fiber filter collection o f  OC; however, 
we chose to collect OC on a single filter and did not attempt to correct for any artifacts. 
Therefore, the reader should bear in mind that these possible artifacts may exist and 
should consider the OC values reported here as operationally defined. The LOD for OC 
is 0.20 pg/m 3 and the estimated precision is 2.2%; the LOD for EC is 0.01 pg/m 3 and the 
precision is 7.2% (based on the analysis o f  45 field blanks and 25 sample duplicate 
measurements).
Light scattering coefficient (bsp) measurements by the nephelometer (wavelength 
( \)  = 530 nm) are made at a low reference relative humidity (RH < 45%) to measure 
properties that are intrinsic to the aerosol and are mainly independent o f  atmospheric 
relative humidity. The nephelometer is calibrated with filtered air and filtered C02<g) 
every 30 days. Although no studies that quantify the uncertainty in the light scattering 
coefficient measured by the M903 have appeared in the literature, Andersen et al. (1996) 
have quantified several uncertainties that are applicable to most nephelometers. They 
estimate that nonidealities o f  the wavelength and angular sensitivities in nephelometers 
reduce the bsp measurement accuracy (within ± 1 0 %), while the CO: calibration 
contributes to about an additional ±1% uncertainty. These lead to a combined uncertainty 
o f ± 11% in fine particle scattering measurements. In contrast to the nephelometer, light 
absorption coefficient (bap) measurements by the PSAP (X = 565 nm) cannot be routinely 
calibrated so the user relies on the manufacturer’s calibration and the stable performance 
o f the instrument over time. Bond et al. (1999) evaluated the performance o f  the PSAP
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and suggested various correction factors, which we have applied in this work. These 
corrections include flow rate, scattering interferences, and a particle deposition spot size 
correction. We have also included the uncertainties associated with each correction 
factor as suggested by Bond et al. and estimate that the combined standard uncertainty in 
bap is ± 18%.
The measured scattering and absorption coefficients are used to calculate the 
particle light extinction coefficient (bq,) which is the parameter most frequently used to 
characterize visibility. Because bip and bap are measured at different wavelengths, we 
have corrected bsp to the wavelength o f the PSAP measurement (X = 565 nm) based on 
the power law bspac K* w hich describes the w avelength dependence o f scattered light. 
The exponent, a. is the Angstrom exponent (Angstrom, 1929) and has been estimated to 
be 1 .7 ± 0.4 at the Thompson Farm site based on daily averages o f  multi-spectral optical 
depth measurements. Error propagation when converting b,p from 530 nm to 565 nm, 
combined with the bsp and bap measurement uncertainties described above, led to a bq, 
combined uncertainty o f  ± 2 0 %.
Pitchford and Malm (1994) developed a standard visual index that relates bq, to 
visibility impairment which is scaled to correspond to the properties o f human vision, 
termed the deciview (dv):
Haziness (dv) = 10 In (bext/0.01 km '1) (3.1)
where bext = bsp + bap + bsg + bag (bsg and bag refer to scattering and absorption by gases, 
respectively) and 0 . 0 1  km is a reference extinction coefficient which corresponds to a 
pristine atmosphere where the only contribution to bext is bsg. Light absorption by gases 
is primarily attributed to NO:; however, in rural areas NO: levels are normally too low to
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contribute significantly to bex, (WolfTet al., 1986) and as such the term bag can be 
neglected. Thus, dv = 0 in a particle-free atmosphere, and increases as visibility 
degrades. A 1 dv change is about a 10% change in bcx! and is a discernible scenic change 
under most atmospheric conditions (Sisler and Malm, 2000). When using Equation (3.1) 
with point source measurements, it is assumed that the particle physical and chemical 
properties, and atmospheric illumination, are homogeneous over the entire sight path.
Hourly values o f  PM: > mass at the Thompson Farm site are measured using a 
Continuous Ambient Mass Monitor (CAMM; Andersen Ins. Inc., Smyrna, GA). The 
instrument is explained and evaluated in detail by Babich et al. (2000). Briefly, the 
method is based on the measurement o f the increase in pressure drop across a membrane 
filter during particle sampling. The monitor consists o f a conventional cyclone inlet to 
remove particles larger than 2.5 pm, two virtual impactors to enrich the concentration of 
larger particles with respect to smaller particles o f  PM: j, a diffusion dryer to remove 
particle-bound water, a filter tape to collect particles, a filter tape transportation system to 
allow unassisted sampling, and a data acquisition and control unit (Babich et al., 2000). 
We operated the instrument with a high efficiency filter on the inlet for 48 hours and 
determined that the unit’s LOD is 3.1 pg m ' 3 for hourly PM: s concentrations.
3.2.3 Gas-Phase Measurements
Ozone and CO measurements at both sites are performed on air that is drawn 
through a 10 cm diameter Teflon-lined aluminum sampling manifold. At Thompson 
Farm, the manifold inlet is located at the top o f a 15 m walk-up tower. At Mt. 
Washington, the manifold inlet is near the top o f  a concrete observatory approximately 20
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m above the ground. CO concentrations at the two sites were measured with a 
commercial nondispersive gas filter correlation infrared absorption analyzer (Model 48C; 
Thermo Environmental Inc., Franklin, MA (TEI)) that has been significantly modified to 
improve the stability o f  the instruments as described in Parrish et al. (1994). As a result 
o f  these modifications, the instrument’s precision is estimated to be 1 - 2  ppbv at a 1 -hour 
averaging period, and are correspondingly larger for shorter averages as expected from 
the averaging statistics (Parrish et al., 1994). The manufacturer specified instrument 
LOD is 40 ppbv. Ozone measurements at the two sites are made by UV absorption (TEI 




3.3.1.1 Fine particle physical and optical properties. Hourly averages o f PM: 5 
mass, PM: 5 light scattering (530 nm; RH < 45%), and PM: 5 light absorption (565 nm) 
at Thompson Farm illustrate a build-up o f aerosol concentrations during 22-27 October, 
culminating in the early morning hours o f 28 October (Figure 3.2a). PM 2 5 mass and 
scattering are moderately correlated (r = 0.60, p < 0 .0 0 1 ), with a mass scattering 
efficiency o f  2.1 ±0.1 m 2 g '1. In comparison, fine particle absorption and scattering have 
a slightly better correlation coefficient (r2 = 0.73, p < 0.001). All three parameters 
display a diurnal pattern with maximum values typically occurring at or near 0500 GMT 
(2400 EST) and minimum values occurring at or near 1800 GMT (1300 EST). An 
exception was on 27 October when maximum levels o f  scattering and absorption were
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observed at 1700 (all times hereafter are GMT). The values o f  85.0 Mm ' 1 and 23.4 Mm ' 1 
for fine particle scattering and absorption coefficients, respectively, are the highest hourly 
averages observed at the site during the entire fall 2000 season (September through 
November). Elevated concentrations o f  particles were maintained until approximately 
0600 on 28 October when PM; 5 mass, scattering, and absorption experienced a rapid 10- 
fold decrease to baseline values w ithin a 6 -hour period. Levels remain low until 1 
November, with little evidence o f  diurnal variations (Figure 3.2a).
Visibility degradation also increased in relation to the observed build-up o f 
particulate matter from 22 October to 27 October (Table 3.1). A haze index o f  6.3 ± 4.6 
dv (± 1 standard deviation) was seen on 22 October which increased to a maximum o f
20.3 ± 4.7 dv on 27 October, follow ed by a drop to near pristine conditions on 28 
October. The value o f 20.3 ± 4.7 dv is comparable to the average value o f -25  dv on the 
2 0 % o f days when visibility was most impaired in wilderness areas and national parks in 
New England during the spring and summer months o f 1995-1999 (Malm, 2000). The 
value o f  2.3 ± 0.7 dv observed at Thompson Farm on 28 October is well below the 
average value o f  -10  dv observed on the 20% o f days with the least haze in New England 
rural areas (Malm, 2000).
3.3.1.2 Fine particle chemical properties. The 24-hour integrated chemical 
composition o f  PM 2 5 also displays a pattern o f increasing concentration during 22-27 
October. Ammonium sulfate concentrations were less than 1 pg m ' 3 on 22 and 23 
October, began to increase on 24 October, then reached 9 pg m ' 3 on 27 October, followed 
by a return to less than 1 pg m ' 3 during 28-30 October (Figure 3.2b). PM ;.5 nitrate
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concentrations were at least an order o f magnitude lower than sulfate levels during the 9 
days (not shown). Throughout 22-30 October, more than 90% o f the aerosol-associated 
sulfate was neutralized by ammonia; linear regression o f  N H / and S O / ' (in equivalents) 
resulted in an r = 0.99 w ith a slope o f 0.92 ± 0.01. OC concentrations, on the other 
hand, did not follow' the same pattern as ammonium sulfate; on 22 and 23 October OC 
levels were between 3-4 pg m \  increased to ^ 6  pg m ' during 24-27 October, and 
returned to background levels during 28-30 October (Figure 3.2b). Elemental carbon 
(EC) concentrations display a pattern similar to ammonium sulfate with levels starting at 
0.20 pg m 3 on 22 October and reaching 0.70 pg m ' 3 on 27 October, before falling to 
baseline values o f  less than 0.10 pg m 3 for the remaining period (Figure 3.2b).
Table 3.1 Daily Average and Variability4 o f PM: s Light Scattering Coefficient (b,p), 
PM: 5 Light Absorption Coefficient (bap), and Haziness at Thompson Farm
Date (2000) b>p (Mm' ) bap (M m' ) Haze Index (dv)
1 0 / 2 2 9.1± 8.0 2.9 ± 3.0 6.3 * 4.6
10/23 11.6 ± 7.0 4.6 ± 2.7 00 H '-•J
10/24 22.2 ± 11.7 8.7 ± 1.4 12.9 ±2 .8
10/25 41.8 ± 8.4 7 .0*  1.3 16.6 ± 1.7
10/26 55.1 ± 9.1 13.8 ± 3.6 19.5 ± 1.5
10/27 65.7 ± 20.5 15.3 ± 6 .4 20.3 ±4 .7
10/28 2.5 ± 0.9 0.4 ± 0.1 2.3 ± 0.7
10/29 3.3 ±0.5 0.7 ± 0.4 3.0 ±0 .5
10/30 3.7 ±2.1 0.7 ± 0.4 3.2 ± 1.4
10/31 3.6 ± 1.3 0 . 8  ± 0 . 2 3.2 ± 0.9
'Reported as £ 1 standard deviation of 24 one-hour averages; bPitchford and Malm, 1994
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Chemical mass balance o f  PM; s at Thompson Farm indicates that OC accounted 
for nearly 50% o f  the 24-hour average mass, which is based on hourly CAMM values, on 
22, 23, and 24 October (Table 3.2). However, the “other" category accounted for as 
much as 34% on two o f  these days, which may be due in part to the combined uncertainty 
in the mass and OC measurements at these relatively low levels. From 25-27 October, 
the contribution from N H / and S O / ' to PM: 5 mass increased steadily such that SO42 
and OC contributed equally on 27 October (Table 3.2). Notably, on this day all but 11% 
o f the mass was accounted for by the inorganic and organic components measured.
During 28-30 October. PM: 5 mass was below the LOD o f the CAMM, so the values are 
not reported for these days. Although we did not measure the concentration o f fine 
particle soil dust or trace elements, our "other" category is likely comprised o f  these 
components. However, it is unlikely that soil dust and trace elements would be more 
than 10-15% o f fine particle mass at the site (cf., Sisler and Malm, 2000; Cass et al.,
1999). PM; 5 chemical mass proportions have been reported by Cass et al. (1999) from 
sampling performed at a rural location in central MA (Quabbin Reservoir) throughout 
1995. During Fall 1995 at the site (September through November), OC accounted for an 
average o f 39%, SO4 2’ for 24%, “crustal and trace" for 11%, “other" for 10%, NFL/ for 
8%, NOj' for 3%, and EC for 3% o f the 3-month average PM; 5 mass o f  7.9 fag m '3. At 
the IMPROVE site in Acadia National Park, ME, the Fall 1988-1991 average PM; 5 mass 
concentration (5.6 fig m '3) is composed o f (NH4 );S0 4  (53.5%), OC (29.4%), NO 3 
(7.1%), EC (6.6%), and “soil dust” (3.5%) (no "other” category) (Malm et al., 1994).
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Table 3.2 Chemical mass balance o f  PM; 5 October 22-27, 2000 at Thompson Farm (%)
Date PM ; s* o c b SOT N H / EC NOT Oxalate Minor
Ions"
Othe
10/22 6.12 4 9 8 3 4 1 <1 1 3 4
10/23 7.56 4 8 8 3 5 2 <1 1 3 4
10/24 12.91 45 2 0 7 4 <1 <1 <1 21
10/25 17.86 32 23 8 2 <1 <1 <1 3 2
10/26 20.13 32 31 11 3 <1 <1 <1 2 2
10/27 18.78 35 35 12 4 <1 1 <1 11
*24-hour average of CAMM hourly values in ug m'
bOC as measured by the ThermaL Optical Transmission method times a conversion factor o f 1.4
"Minor ions  ^ Na'. K \ Mg' . Ca' . and Cl
3.3 .1.3 Ozone and carbon monoxide measurements. Hourly averages o f  CO 
and O; have been calculated from 1 -minute measurements to facilitate a comparison o f 
mixing ratio fluctuations with changes in hourly concentrations o f  PM; 5 light scattering, 
light absorption, and mass. The diumal pattern in Oj mixing ratio at Thompson Farm is 
very consistent during 22-27 October, with maximum hourly averages occurring each day 
at 1900 (1400 EST) and minimum values occurring near 0900-1100 (0400 0600 EST) 
(Figure 3.3). Notably, the phase o f this diumal pattern is opposite that o f  the PM; 5 
diumal cycle mentioned above. The study period maximum O? concentration o f 35 ppbv, 
observed on 26 October, is roughly half the year 2000 maximum value o f -75 ppbv 
observ ed several times at the site during summer. CO concentration attained its 
maximum value o f -630  ppbv at 0600 on 28 October followed by a rapid decline to -125 
ppbv at 1200 on the same day (Figure 3.3), much like the PM; 5 temporal patterns shown
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in Figure 3.2. Unfortunately we cannot compare Oi and CO concentrations for the entire 
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Figure 3.2 Hourly averages o f PM 2 5 mass, PM 2 5  scattering, and PMi 5 absorption at 
Thompson Farm, NH illustrating a ten-fold drop in concentrations on 28 
October 2000 (a). Chemical concentration o f  24-hour integrated filters with 
combined standard uncertainty (error bars) (b).















During the 3 day period o f  25 October to 28 October the slope o f  AOy'ACO = -0.03 
(calculated using simple linear regression) with an r* value o f  0.40. Chin et al. (1994) 
point out that summertime observations at rural sites in the eastern U.S. indicate that O; 
and CO are usually well correlated and display a fairly consistent positive AOy/ACO 
slope -  0.30 during the photochemically active time window o f 1300 -  1700 (EST). The 
cause o f the negative slope observ ed during these 3 days could be due to the chemical 
removal o f O 3 by other anthropogenic gases. O 3 deposition, and photochemical 
production (all discussed below).
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Figure 3.3 Carbon monoxide and ozone hourly averages at Thompson Farm. Note the 
rapid drop off in CO concentration and the transition to background levels o f 
ozone and CO with no diumal pattern after 28 October 2000.
3.3.2 M t Washington Aerosol and Gas-Phase Measurements
Total suspended particle (TSP) ion chemistry at the summit o f Mt Washington 
displayed a pattern similar to that o f  PM: 5 chemistry at Thompson Farm (cf. Figure 3.2
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and Figure 3.4). However, the concentrations were about a factor o f  4 less at Mt 
Washington. Excess N H / (beyond the 1:1 equivalent ratio to SCV’) was observed on 24 
and 25 October, which lead to the formation o f a noticeable amount o f  NH4 NO 3 on 25 
October (Figure 3.4). In comparison, on 26 and 27 October air transported to the summit 
contained more aerosol SO.j: , leading to an NH4  'SO 4 ' ’ equivalent ratio -  1.0 on both 
days, when (NH4 );S0 4  is preferentially formed over NH4 NO 3 . During 28-30 October all 
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Figure 3.4 Total suspended particle (TSP) 24-hour integrated chemical composition at 
Mt Washington. Error bars represent the combined standard uncertainty.
The CO and O3 time series from 22-31 October 2000 at Mt Washington reveals 
that 1) CO background levels at the site o f -100 ppbv are evident from 22-24 October, 
and again from 28-31 October, 2) an enhancement in both CO and O3 was noticed from 
1600 on 24 October to 0600 on 25 October, 3) a build-up o f  CO concentrations occurred
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from 27 October at 1600 to 28 October at 0700, and 4) both O3 and C O  concentrations 
rapidly dropped to background levels in a 2-hour period on 28 October (Figure 3.5). 
Although the concentration o f O3 was relatively high during 22-24 October, a negative 
AO3/ACO slope (m = -0.34. r  = 0.2) was observed, leading to the conclusion that 
downward transport o f  upper-level tropospheric O3 may be an important source at the site 
during this time. Other investigations at mountaintop locations in the northeastern U.S. 
have revealed that downward O3 transport can play a significant role in O3 fluctuations; 
Dutkiewicz and Husain (1979) found that stratospheric O3 contributed between 25% and 
95% to the total ozone at Whiteface Mountain during June and July 1977. In contrast to 
the negative AO3/ACO slope seen during 22-24 October, a positive AO3/ACO slope (m = 
0.21, r  = 0.25) was observed during 24 October at 1600 to 25 October at 0600, 
indicating that the site was likely impacted by a polluted air mass. Although only 
moderately correlated, this slope is near the summertime value o f  0.33 reported by 
Parrish et al. (1998) for a remote site in the North Atlantic impacted by outflow from 
North American industrial sources. The timing o f the rapid drop in O3 and C O  beginning 
at 0700 on 28 October coincides with the start o f the drop at Thompson Farm (cf. Figure 
3.5 and Figure 3.2). However, by 0900 C O  and O3 were at background levels at Mt. 
Washington, while it took until 1200 for the transition to occur at Thompson Farm.
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Figure 3.5 Hourly averages o f carbon monoxide and ozone at Mt. Washington.
3.3.3 Urban New England Ancillary CO Data
We hav e obtained CO data from three urban sites within New England from the 
U.S. Environmental Protection Agency to assess the spatial extent o f  this pollution event. 
Two o f the sites are located in MA (Lowell and Worcester) and the other is located in RI 
(Providence) (Figure 3.1). CO is measured at the MA sites w'ith a gas filter correlation 
CO analyzer, while a non-dispersive infrared analyzer is used at the RI site. These 
analyzers have not been modified to improve their performance, unlike the instruments at 
the Thompson Farm and Mt Washington. As anticipated, the CO levels are much higher 
at these urban sites compared to Thompson Farm and Mt Washington, with concentration 
spikes at the urban locations as much as a factor o f  7 higher than the highest levels at 
Thompson Farm (Figure 3.6). The urban sites also experience large enhancements that 
coincide with the timing o f morning and evening rush hour traffic. At the Providence, RI
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Figure 3.6 Carbon monoxide time series from three urban monitoring locations within 
New England: Lowell, MA (a), Worcester, MA (b), and Providence, RI (c).
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site we see a build-up o f  CO levels as the late-October pollution event evolved (Figure 
3.6c), while at the other urban sites there is a slight increase in the daily minimums. At 
all three sites CO began to decrease sharply at 0500 (2400 EST) on 28 October, with the 
Lowell and Worcester sites reaching background levels o f  -1 0 0  ppbv by 1000 (0500 
EST) and 1200 (0700 EST), respectively, and the Providence site attaining low levels of 
-600 ppbv by 1300 (0800 EST) on 28 October (Fig 3.6a and Figure 3.6b). At the two 
MA sites, CO concentrations remained low during 28-29 October (Saturday and Sunday), 
until 30 October when the transportation signal can again be seen.
3.4 Discussion
3.4.1 Synoptic-Scale Meteorology and Pollutant Concentrations
Surface-level weather charts illustrate the synoptic conditions from 22 October 
through 31 October. Beginning on 22 October, high pressure north o f  the Great Lakes 
dominated the regional pressure pattern, delivering a brisk northwest wind to New 
Hampshire. This high pressure complex advanced southeastward, passing over New 
England early on 24 October. For the next 4 days the anticyclone metamorphosed into an 
axis o f weak high pressure that remained persistently draped across New England, 
oscillating slightly east and west (Figure 3.7a). During this period, weak winds from the 
south and southwest prevailed, along with occasional stronger winds from the 
west. Early on 28 October, an intense frontal boundary traversed the region from the 
northwest (Figure 3.7b). The frontal boundary was associated with a mid-latitude 
cyclone centered north o f  New England, which was on a path through the St Lawrence 
River Valley. The frontal boundary served as a divide between a warm, humid, and
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polluted air mass from the southwest and south, and cold, dry, and clean air 
advancing out o f Canada. After the frontal passage, high pressure built into the region 
from the northwest, bringing strong north and northeast winds to New Hampshire (Figure 
3.7c).
The transport patterns associated with these synoptic conditions are illustrated 
w ith an ensemble diagram o f backward air mass trajectories specified to begin at 
Thompson Farm (Figure 3.8). Three-day trajectories were calculated every 6 hours at a 
starting height o f 1000 m above model terrain height using the HY SPLIT 4 modeling 
system (Draxler and Hess, 1997). During the beginning o f  the 4-day period o f  24-28 
October, trajectories originated in Canada and included rapid zonal flow on 25 October 
that brought air into New England from as far away as Alberta (Figure 3.8a). Gradually 
trajectory origins moved southward, culminating in transport pathways coming mainly 
from south and southw est o f New England from late on 26 October until -0600 on 28 
October (Figure 3.8a). Beginning at -1200 on 28 October, flow was mainly out o f  the 
north and northeast, with a large number o f trajectories having three-day origins in 
eastern Canada near the G ulf o f  Saint Lawrence and Newfoundland (Figure 3.8b).
The changes in synoptic-scale meteorology and trajectory patterns were 
coincident with the fluctuations in aerosol and gas-phase chemistry. The air was 
relatively clean on 22-23 October during the initial period dominated by high pressure 
and north westerly winds. During this time aerosol concentrations at both Thompson 
Farm and Mt Washington were low (Figure 2 and Figure 4), visibility at Thompson Farm 
was very good (Table 3.1), CO at Mt Washington was at background levels (Figure 3.5), 
and CO concentration at the urban sites were at or near their baseline levels (Figure 3.6).
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Figure 3.7 Surface-level synoptic weather condition for 1800 GMT on 26 October 2000 
(a), 0600 GMT on 28 October (b), and 1200 GMT on 29 October (c).
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Figure 3.8 Backward air mass trajectories ensemble diagrams. Three-day trajectories 
were calculated every 6  hours at a starting height o f  1 0 0 0  m above model 
terrain height at Thompson Farm using the HY SPLiT 4 modeling system 
(Draxler and Hess, 1997). Illustrated are the trajectories from 24 October at 
1200 to 28 October at 0600 (a) and the trajectories from 28 October at 1200 
tol November at 1200(b).
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The pollutant build-up observed during 24-28 October was marked by a weak pressure 
gradient over the northeastern U.S. with transport from the industrial mid-west and the 
mid-Atlantic transportation corridor. Next, the passage o f  an intense cold front caused 
levels o f  pollutants at all sites to drop rapidly. As the front moved from north to south, 
there was a time lag o f approximately 4 hours between the times when CO dropped to 
background levels at Mt. Washington and when it decreased to low levels at Providence, 
RI, 250 km to the south (Figure 3.5 and Figure 3.6). The predominant air mass flow 
regime then changed to an eastern Canadian source that brought very clean air into the 
region.
3.4.2 Micro-Scale Meteorology and Diurnal Cycles at Thompson Farm
The above discussion provides some insight into how synoptic-scale 
meteorological conditions can influence the concentration o f ambient aerosols and gas- 
phase pollutants in New England. Ambient levels o f  particles and gases are also 
modulated over the diumal cycle by changes in mixed layer depth and changes in 
photochemical processing. As mentioned above, 0} and PM: s diumal cycles were out o f 
phase at Thompson Farm; O 3 maxima occur at -1900 (1400 EST), minimum at 0900- 
1100 (0400-0600 EST), while PM: 5 maxima occur at -0500 (-2400 EST), minimum at 
-1800 (-1300 EST). The diumal cycle in O3 is likely the result o f  a combination o f  mid­
day peaks in photochemical production and dry deposition at night in a stable shallow 
nocturnal boundary layer.
Vertical mixing in the boundary layer at the site could also be contributing to the 
observed O3 diumal cycle, as well as the PM: 5 diumal cycle. Mixed layer heights have
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been calculated using the 3-hour EDAS (Eta Data Assimilation System) model outputs o f 
potential temperature (6) at 22 vertical layers for the model grid point at Thompson Farm 
(NOAA-ARL Ready Website, 2001). The vertical profile o f 6 is used to determine 
locations o f critical temperature inversions that would suppress vertical mixing, defining 
the height o f  the mixed layer (following the conventions o f Stull, 1988). A time series o f 
mixed layer height and local wind speed illustrates that the maximum depth and 
maximum wind speed is achieved at or near 1800 each day and minimums occur during 
the night when a stable boundary layer is present (Figure 3.9). When the mixed layer 
depth is at its maximum height, Oi precursors in the residual layer can be mixed down, 
thereby increasing photochemical production. Also during this time O 3 in the residual 
layer can be transported to the surface. A minimum in PM: 5 mass, scattering, and 
absorption also coincides with the maximum mixed layer depth, while maxima in these 
parameters are seen when the stable nocturnal boundary layer is in place (cf. Figure 3.2 
and Figure 3.9). Modeled mixed layer heights at night averaged around 500 m with little 
or no surface winds (Figure 3.9). One could surmise that the PM:.5 diumal cycle is 
simply a function o f  dilution (assuming a constant source at the surface); more dilution 
occurs during the day when the mixing is vigorous than at night when there is very little 
vertical or horizontal mixing. Although dilution likely accounts for the minimum during 
the day, the maxima observed at night appear to indicate that some fraction o f  the 
presumed surface source is very near to the sampling site. Because the region is isolated 
from any industrial-transportation sources, a possible local source o f  PM: 5 at night is 
from home heating. Another factor contributing to nighttime maxima in PM : 5 could be 
from secondary particle formation.
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Figure 3.9 Time series o f  estimated mixed layer height at Thompson Farm based on 3- 
hour EDAS (Eta Data Assimilation System) model outputs o f potential 
temperature at 22 vertical layers (NOAA-ARL Ready Website) and local wind 
speed measured at Thompson Farm at a height o f 15 m.
3.4.3 Focus on 24-25 October at Mt Washington
As prev iously mentioned. CL tluctuations at the summit o f  Mt W’ashington are 
likely governed by both changes in polluted continental sources and changes in mid-to- 
upper tropospheric inputs. A positive correlation between CO and CL was observed from 
24 October at 1600 to 25 October at 0900, indicating that the site was likely impacted by 
a polluted air mass during this time period. Synoptic conditions on 25 October at 0000 
illustrate that an axis o f  high pressure from the Great Lakes to the Atlantic Ocean 
dominated the northeastern U.S. (Figure 3 .10b). Upper-level trajectories calculated at 
starting heights o f  750 m, 1000 m, and 1250 m above model terrain from Mt Washington 
show long-range transport that passed over the mid-western U.S. with 3-day origins in
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Texas (Figure 3 .10a). Based on this information, it is likely that the summit was 
impacted by an air mass o f  continental origin with it associated high levels o f  pollutants. 
Trajectories calculated during the remaining period o f this study generally had pathways 
similar to those described above for Thompson Farm, despite the substantial elevation 
difference between the two sites.
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Figure 3.10 Three-day backward trajectories initiated from Mt Washington at 0000 GMT 
on 25 October 2000 at three starting heights (750 m, 1000 m, and 1250 m 
above model terrain height) using the HY SPLIT model (a). Surface-level 
synoptic weather conditions at the same date and time showing an axis o f high 
pressure stretching from the Great Lakes to over the Atlantic Ocean (b).
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3.5 Conclusions
We have reported on a pollution event that impacted areas o f  New England during 
late-October 2000. Synoptic-scale meteorological controls on ambient levels o f fine 
particles, total suspended particles. CO, and 0< caused the concentration o f most o f  these 
pollutants to build-up during 24-28 October. This was followed by a decrease in some 
parameters by as much as a factor o f  1 0  within a 6 -hour penod at the measurement sites 
in southern New England, and a decrease o f a factor o f 2 w ithin a 2-hour penod at Mt 
Washington. Dunng the highest concentrations o f PM: < at the Thompson Farm, organic 
carbon and sulfate each contributed to 30-35° o o f the measured mass, while elemental 
carbon accounted for 3 -4V  The rapid decline o f pollutants at the measurement sites was 
caused by an intense cold front that traversed New England from the northwest to the 
southeast. Following the frontal passage, visibility at Thompson Farm improved by an 
order o f magnitude. As the front moved across the region, background levels o f CO w ere 
reached at Mt Washington at 0900 (0400 EST) on 28 October, while it took until 1300 
(0800 EST) on the 28th for background CO concentrations to be reached at the urban site 
in Providence RI, 250 km to the south.
We have also illustrated some o f the influences micro-meteorology has on the 
concentration o f  PM: < and O? by showing that mixed layer dynamics can play a cntical 
role in ambient levels o f these priority pollutants at the Thompson Farm site. At Mt 
Washington, a positive correlation between CO and O; was observed from 24 October at 
1600 to 25 October at 0900 (implying a polluted air mass). During the remainder o f this 
study the CO/O 3 correlation at Mt Washington was either negative or insignificant.
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CHAPTER 4 
RELATIONSHIPS BETWEEN AEROSOL RADIATIVE PROPERTIES AND AIR 
MASS TRANSPORT AT A RURAL NEW ENGLAND SITE 
Abstract
This paper reports on the chemical, physical, and radiative properties o f surface 
and column aerosols at a rural site in southern New Hampshire during July. 2000 to 
September 2001. The primary objective o f this w ork w as to characterize how aerosol 
properties vary in air masses o f different origins. Measured parameters w ere at their 
maximum values during times o f  south-southwest transport, w hile minimum values w ere 
seen during north-northeast transport. Aerosol optical depth measurements revealed 
maximum turbidity in summer, minimum turbidity in w inter, and a maximum in aerosol 
size distribution in spring (suggesting mineral dust aerosols aloft). Mass scattering and 
absorption efficiencies did not vary' significantly betw een times o f  transport from 
different source regions and were very close to theoretical values. Aerosol direct 
radiative forcing calculations show maximum positive values in winter and maximum 
negative values in summer, differences that can be primarily attributed to seasonal 
changes in surface reflectance (high in winter, low in summer) and the relatively low 
values o f  single scatter albedo observed in winter and fall.
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4.1 Introduction
The scattering and absorption o f short-wavelength solar radiation by atmospheric 
aerosol particles directly affects the radiative balance o f  the Earth. Recent modeled 
estimates o f the direct industrial aerosol radiative forcing range between -0.07 to -1.24 
Wm ', compared to the estimated range o f -2.19 to -2 .67 Wm '  due to the radiative 
forcing o f anthropogenic greenhouse gases (IPCC. 2001). One o f the areas causing the 
large uncertainty associated with direct aerosol radiative forcing is variations in aerosol 
radiative, chemical, and physical properties in both time and space (Swartz and Andrea, 
1906; C'harlson and Heint/enberg, 1995; Penner et al., 1994). The eastern U.S. is one 
region on Earth where direct anthropogenic aerosol radiative forcing is highly variable 
and typically exceeds that o f anthropogenic greenhouse gases (e.g.. Grant et al., 1999; 
Penner et al., 1998). Satellite platforms are often used to map the variability of aerosol 
properties on regional to global scales (King et al.. 1999). However, satellite retrieval 
algorithms require assumptions about several key aerosol properties (Kaufman et al..
1997). In addition, both satellite algorithms and global climate models have to make 
assumptions concerning the relationship between aerosol properties measured at the 
surface and aerosol properties in the vertical column. It is necessary to measure column 
and surface aerosol radiative, physical, and chemical properties at regionally 
representative monitoring sites for long durations o f  time due to their spatial and 
temporal variation. This type o f information can then be used to improve satellite aerosol 
retrieval algorithms, and to advance the development o f  global chemical-transport- 
radiation models that predict direct aerosol radiative forcing.
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Important wavelength dependent aerosol properties governing direct aerosol 
forcing include aerosol optical depth (ra; the vertical integral o f  the light extinction 
coefficient), single scatter albedo (w; the ratio o f scattering to extinction), and the light 
scattering and absorption efficiencies o f  various chemical components (crsp and a ap; light 
scattered or absorbed per unit chemical mass) (Bergin et al., 2000; Charlson et al., 1999; 
Heintzenberg et al., 1997). Aerosol optical depth is a variable often used to remotely 
assess aerosol concentrations in the atmosphere from surface-based instruments (e.g., 
Holben et al., 2001). Direct radiative forcing is highly sensitive to small changes in 
single scatter albedo; the crossover between positive and negative forcing occurs at 
values o f at -  0.85 (depending on surface albedo), with higher values yielding negative 
forcing (Heintzenberg et al., 1997; Chylek and Coakley, 1974). Light scattering and 
absorption efficiencies arc the key parameters used to connect aerosol chemical and 
radiation models (Charlson et al, 1992), to assist in the interpretation o f  remotely sensed 
aerosol data (Tanre et al., 1997), and to reconstruct visibility reduction from aerosol 
chemical composition (Malm et al., 2000).
In recent years, great strides have been made toward establishing aerosol 
variability through a global optical depth measurement network (AERONET, Holben et 
al., 2001), and through regional networks such as the Canadian program AEROCAN 
(Bokoye et al., 1998) and the Swiss network CHARM (Ingold et al., 2001). Surface 
aerosol chemical, physical, and optical properties have been characterized at baseline 
monitoring locations within the NOAA-CMDL global network (NOAA-CMDL, 2001;
1998), and by the IMPROVE network in rural areas throughout the U.S. (Sisler and 
Malm, 2000). Equally important are results from intensive, multi-platform, short
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duration field campaigns focused on measuring and interpreting aerosol optical properties 
such as SCAR-B (Kaufman et al.. 1998). TARFOX (Russell et al.. 1999), ACE 1 (Bates 
et al., 1998). ACE-2 (Russel and Heinzenberg, 2000). and INDOEX (Ramanathan et al.. 
2001). In addition, important advances in remote sensing o f  aerosol properties have been 
made that allow investigators to quantify regional changes o f aerosol loadings (King et 
al., 1999). From all o f these efforts, a comprehensive global climatology o f aerosol 
variability is being created.
In northeastern U.S.. a small network o f radiometers has been making continuous 
measurements o f ra since 1991 (Michalsky et al.. 1994). Summers typically had the 
highest ra and winters the lowest at sites in eastern ME and eastern NY. Although sulfate 
aerosols are thought to be the dominant component responsible for column light 
extinction in the northeast, airborne measurements off the U. S. east coast indicated that 
carbonaceous aerosols can constitute -  50° <> of the dry aerosol mass and w ere second 
only to water vapor in relative contribution to column light extinction (Novakov et al.. 
1997; Hegg et al.. 1997). In comparison, ground-based aerosol sampling results from the 
IMPROV E site in Acadia National Park. ME during 1988-91 indicated that -  50% o f the 
fine aerosol mass consisted o f ammonium sulfate and -  35% o f carbonaceous species. 
Light scattering by sulfate accounted for about two thirds o f  the surface light extinction 
budget (Malm et al., 1994).
In the present work, we report on a 14-month long study o f  surface and column 
aerosol properties at a rural site in southern New Hampshire. Variations in aerosol 
properties are related to changes in air mass origin based on backw ard trajectory 
calculations. Specific objectives o f  this study are: 1) establish seasonal patterns in air
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mass transport to the measurement site. 2 ) examine the seasonality o f Td and u \ 3) 
estimate the influence variations in air mass origin have on surface and column aerosol 
properties. 4) establish the relationship between surface light extinction and column light 
extinction, and 5) estimate annual and seasonal direct aerosol radiative forcing.
4. 2 Methods
4.2.1 Sampling Site and PMjj Chemical, Physical, and Optical Measurements
The measurement site is located in a rural area o f southern New Hampshire 
approximately 22 km inland from the Atlantic Ocean (Thompson Farm. 43.1 l'Ni. 
70.95'’\V; 21 m elevation). The sampling tower is located on a knoll in a meadow and is 
remov ed from substantial local sources o f  airborne pollutants and can thus be 
characterized as representative o f  a regional "background” aerosol. A lightly traveled 
paved road is less than I km to the south, a moderately traveled paved road is 5 km to the 
east, and Interstate 95 is 15 km eastward. Chemical, physical, and optical properties o f 
P M ;, are measured at the site using a custom manufactured sampling device that delivers 
fine particles to three 47 mm diameter filter cartridges, a Particle Soot Absorption 
Photometer (PSAP. Radiance Research. Seattle, WA). and an integrating nephelometer 
(M903, Radiance Research). The device is located on a platform 5m above the ground. 
Temperature within the sampling device is kept slightly above ( 'T ’C) the outside 
temperature to inhibit the condensation o f  water vapor. The inlet is a URG (University 
Research Glassware, RTP. NC) cyclone that has been characterized to have a D50 2.5 pm 
cut point at 93 liters per minute (1pm) flow rate. Ambient air is split into the five 
channels with 28 1pm going to each o f the three filter cartridges (teflon filter, quartz-fiber
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filter, and an optional cartridge) 7 1pm to the nephelometer, and 2 1pm to the photometer. 
The optional filter cartridge is used occasionally to collect filters for PM; 5 mass 
measurements.
The teflon and quartz-fiber filters were collected every 24 hours (0700 to 0700 
EST), and field blanks were obtained every 7 days, from July 7 to December 15, 2000 
and from February 15 to September 3, 2001 (360 days). However, due to budget 
constraints only a subset o f  the filters w as analyzed (detailed below). The teflon filters 
(FALP, Millipore, Bedford, MA) were extracted in Milli-Q water after being wetted with 
high purity methanol and then analyzed for eight inorganic ions (Ca: \  N a \ Mg: \  K \  
NH4 , Cl', NOT, and SO4' ) and one organic ion (C :0 .f  ) in our laboratory at the 
University o f New Hampshire by ion chromatography (cfi, Jordan et al., 2000). The limit 
o f detection (LOD) is 0.02 pg/nv for N H /, and 0.002 p g m ' for SC V , determined by 
three times the standard deviation o f 54 field blanks collected at the site. The estimated 
relative precision (coefficient o f variance o f  duplicate measurements) is 1.1% for N H /, 
and 0.6% for SO4''. Pre-weighed teflon filters were also collected for PM: 5 mass on a 1 - 
in-3 day schedule during June-August 2001 (0700 to 0700 EST). Filter handling and 
weighing protocols followed the U.S. EPA’s guidance for PM: 5 mass measurements.
The filters were equilibrated at constant temperature (20 ± 2 °C) and constant RH (30 ± 
2%) for at least 24 hours prior to weighing before and after collection.
The quartz filters (2500 QAT-UP, Pall Gelman, Ann Arbor, MI) were analyzed 
for elemental carbon (EC), organic carbon (OC), and total carbon (TC) using the thermal- 
optical/transmission method at Sunset Lab (Birch and Cary', 1996). Since carbonaceous 
aerosols can consist o f  a large number o f  different compounds that contain H, O, and
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possibly hetero-atoms from a variety o f natural and anthropogenic sources (e.g., Rogge et 
al.. 1993), a conversion factor is needed to estimate the mass o f OC from the mass o f 
carbon quantified by the thermal-optical method. In this work, we have applied a 
conversion factor o f 1.4. as suggested by several authors (e.g.. Gray et al., 1986; W olff et 
al.. 1981). Additionally, both positive (e.g., Turpin et al.. 1994) and negative (e.g., 
Eatough et al., 1999) sampling artifacts complicate quartz-fiber filter collection o f  OC. 
We chose to collect OC on a single filter and did not attempt to correct for any artifacts. 
Therefore, the reader should bear in mind that these possible artifacts may exist and 
should consider the OC values reported here as operationally defined. Based on the 
analysis o f 54 field blanks and 23 sample duplicate measurements, the LOD for OC is 
0.20 pg m ' and the estimated precision is 2.2° o. The LOD for EC is 0.01 pg m ' and the 
precision is 7.2°o.
Light scattering coefficient (b,p) measurements by the nephelometer (wavelength 
(X) = 530 nm) are made at a low reference relative humidity (RH < 45°o) to measure 
properties that are intrinsic to the aerosol and are mainly independent o f  atmospheric 
relative humidity. The nephelometer is calibrated with filtered air and filtered CO;,g, 
every 30 days. Although no studies that quantify the uncertainty in the light scattering 
coefficient measured by the M903 have appeared in the literature. Andersen et al. (1996) 
have quantified several uncertainties that are applicable to most nephelometers. They 
estimate that nonidealities o f the wavelength and angular sensitivities in nephelometers 
reduce the bsp measurement accuracy (within ^10%), along with the CO; calibration 
contributing about a ±1% uncertainty to fine particle scattering measurements, leading to 
a combined uncertainty o f * 11%. In contrast to the nephelometer, light absorption
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coefficient (bap) measurements by the PSAP (X = 565 nm) cannot be routinely calibrated 
so the user relies on the manufacturer’s calibration and the stable performance o f the 
instrument over time. Bond et al. (1999) evaluated the performance o f the PSAP and 
suggested various correction factors, which we have applied in the current work. These 
corrections include flow rate, scattering interferences, and a particle deposition spot size 
correction. We have also included the uncertainties associated with each correction 
factor as suggested by Bond et al. and have estimated that the combined standard 
uncertainty in bap is ± 18° o .
Because bsp and bap are measured at different wavelengths, we have corrected bsp 
to the w avelength o f  the PSAP measurement (X = 565 nm) based on the power law bsp x 
X-01 w hich describes the wavelength dependence o f  scattered light. The exponent, a. is 
referred to as the Angstrom exponent (Angstrom. 1929) and has been estimated to be 1.7 
± 0.4 at the Thompson Farm site based on daily averages o f  multi-spectral optical depth 
measurements. The scattering and absorption coefficients are used to calculate the 
particle light extinction coefficient at 565 nm (bq, = bsp >,,5 nm ^ bap), which in turn is used 
to calculate the single scatter albedo at 565 nm (a; = b,PM,> nm ' bq,). The combined 
standard uncertainty for bep is ±2 0 %, w hich results from a combination of the uncertainty 
in scattering and absorption measurements, as well as from the range in a  o f  1.3 to 2.1.
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4.2.2 Aerosol Optical Depth Measurements
Total and diffuse horizontal irradiance are measured at Thompson Farm using a 
multi-filter rotating shadowband radiometer (MFRSR) in six narrow bands, 
approximately 10 nm wide, centered on 415, 500, 615, 673, 870, and 940 nm (Yankee 
Environmental Systems, Turners Fall, MA). Details o f the instrument are found in 
Harrison et al. (1994). Measurements are made every 15 seconds and one-minute 
averages are recorded. The MFRSR is heated to keep its components at a constant 
temperature, and to keep it free o f snow and ice. From the measured total and diffuse 
components, direct normal irradiance is calculated, which is used in the calculation of 
aerosol optical depth (ra) at 500 nm and 670 nm.
The key to successful ra measurements is to develop a procedure that calibrates 
the instrument under stable atmospheric conditions on a semi-continuous basis. The 
Langley method o f calibration has been used historically by many investigators (e.g., 
Shaw. 1983). To begin, we express the Bougucr-Lambert-Beer law in instrument terms:
V -  V0 e.xp(-Tm), (4.1)
where V and V., are the response o f the radiometer at the surface and at the top o f  the 
atmosphere, respectively, r  is the total column optical depth, and m is the air mass 
traversed by the direct solar beam relative to the air mass in the zenith direction 
(Michalsky, et al., 2001). The V0 term is continuously adjusted to account for variations 
in the sun-earth distance. Calculations o f  solar air mass that consider the effects o f the 
curvature o f the earth and the refraction o f  an atmosphere o f variable density on the 
trajectory o f  a solar beam are achieved through the equation:
m = [cos e, + 0.15(93.885 - 8 t Yl 25i]A (4.2)
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where 6, is the solar zenith angle (Kasten, 1%6). Taking the natural logarithm o f both 
sides o f  Equation (4.1). and rearranging, allows r to be derived for a given V'0 value.
We employ a strategy detailed by Michalskv et al. (2001) to obtain V0 values 
w hich involves using successful Langley plots from the site to constantly update the 
instrument calibration. The procedure involves processing the 20 nearest Langley plot 
derived values for V(„ normalized to the average solar distance. Successful Langley plots 
using morning and or afternoon data are selected using the objective algorithm developed 
by Hamson and Michalskv (1994). Briefly, the algorithm calculates V„ (and r) on cloud- 
free days over a solar air mass range o f  tw o to six. The 20 V„ values are then reduced to 
10 by ratioing at 500 nm to V„ at 670 nm and selecting the inter-quartile range o f 
these ratios. The median of these 10 V„ values is then used to calculate r  for the penod 
o f time covered by the Langely plots. We performed this procedure and derived V,, 
values on a quarterly basis dunng the study penod, which have been used to calculate r at 
one-minute intervals. This time senes o f r is then manually screened for cloud 
contamination and hourly averages are calculated w hen there were at least 20 1-minute 
values in that hour.
After solving Equation (4.1) for r  using V0 values denved by this technique, we 
must correct for Rayleigh scattenng optical depth and ozone optical depth. Rayleigh 
optical depth (rRa>) is calculated using the formula (Hansen and Travis, 1974):
rRa> = 0.008569 X4 (1 -  0.0113 K: -  0.00013 K4) P/P„ (4.3)
where P is the site pressure (hourly averages) relative to sea level pressure P0 and \  is in 
micrometers. Ozone optical depth is removed by multiplying daily average column 
ozone measurements obtained from N ASA 's Total Ozone Mapping Spectrometer
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(http: toms.gsfc.nasa.gov ozone/ozone.html, 2001) by the Chappuis band ozone 
absorption coefficients obtained from a look-up table. Rayleigh and ozone optical depths 
are then subtracted from total optical depth, leaving ra. AOD uncertainty as measured by 
the MFRSR is estimated to be ± 0.01 optical depths (cf.. Michalsky et al.. 2001).
We have also derived the Angstrom Exponent (a) at one-minute resolution 
throughout the study period. This parameter can be used to infer the relative size 
distribution o f  the column-integrated aerosol. Angstrom (1929) proposed that extinction 
o f  solar radiation by aerosols is a continuous function o f  w avelength, w ithout selective 
bands or lines for scattering or absorption. Thus the Angstrom turbidity formula is given 
by:
ra<\) = £ \ "  (4.4)
w here 3 is referred to as the turbidity coefficient and a  was described above (Angstrom. 
1929; 1930). From the know n power law r  x \~ \ it is expected that a  should vary from 
4 to 0; w hen particles are very small a  should approach 4, and a  should approach 0 for 
particles much larger than the w avelength o f  light. To calculate a  w e use the formula:
a  = -log (ri()-i] Tjvk)) log (670/500) (4.5)
where rd and ra are the aerosol optical depths at 670 nm and 500 nm, respectively.
4.2.3 Fine Particle Scattering and Absorption Efficiencies
Specific light scattering and absorption efficiencies were calculated to connect the 
scattering and absorption o f light by fine particles and the chemical composition o f  those 
particles. Light absorption efficiency is typically assumed to depend only on the
presence o f EC; therefore, absorption efficiency is defined as the incremental change in
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bap per unit changes in EC mass (per volume o f  air) and is determined by simple linear 
regression. Light scattering efficiency, on the other hand, needs to be derived for each 
chemical species present that contributes to scattering (e.g., Sloane, 1986). Thus, light 
scattering efficiencies ( \  = 530 nm) are the proportionality constants that are estimated by 
multivariate regression analysis such that:
where M, represents the fine particle mass o f chemical specie i per volume of air and a, is 
the fitting constant that is interpreted as the light scattering efficiency o f chemical species 
/ (Sloane, 1986; Ouimette and Flagan, 1982; White and Roberts, 1977). Equation (4.6) 
assumes that the aerosol is externally mixed (discrete particles o f one chemical 
composition). Although White (1986) demonstrated that the chemical apportionment o f 
the light extinction budget could not be treated identically for an external versus an 
internal mixture (particles o f two or more chemical components), recent theoretical work 
by Malm and Kreidenweis (1997) show ed that scattering efficiencies o f  mixtures o f 
organic carbon and sulfates were insensitive to the choice o f  internal or external mixtures.
4.2.4 Aerosol Radiative Forcing Calculations
Daily average direct clear-sky aerosol radiative forcing (AF) can be estimated 
using the equation (Chylek and Wong, 1995; Haywood and Shine, 1995):
where, D is the fractional day length (variable), S0 is the Solar Constant (1370 W m‘: ), Tat 
is the atmospheric transmission above the aerosol layer, ca is the single scatter albedo (the 
ratio o f scattering to extinction), /3 is the aerosol hemispheric upscatter fraction, and Rs
(4.6)
AF = -D So T:at co p ra [(1-RS): - (2RS/P) (1/ca -1 )] (4.7)
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represents the surface reflectance. In Equation (4.7). 0  and Rs are averaged over solar 
zenith angles and Ta[ = 0.76, as suggested by Haywood and Shine (1995). Because we 
made b,p measurements at a low controlled RH ( <45%). the RH dependency o f a? is 
ignored in this work. We have used values o f  R, = 0.70 for times when the field 
surrounding our measurement site was covered w ith snow, and Rs = 0.20 when bare grass 
was present (based on surface albedo values presented in Iqbal, 1983).
To derive 0, many investigators use the ratio o f the hemispheric backscatter 
coefficient to b,p (b) measured w ith a nephelometer equipped w ith a backscatter shutter 
(e.g., Delene and Ogren, 2001; Andersen et al.. 1999). However, because the M903 
nephelometer does not measure backscatter, w e have used a range o f  literature values o f 
h from mid-latitude continental sites in the U.S. (Delene and Ogren, 2001; Koloutsou- 
Vakakis et al., 2001). It was shown by these investigators that h does not significantly 
vary in either time or space. For the current work we have selected a range o f b from 
0.10 to 0.13. To calculate 0. we use the equation 0 = 0 .0817+ 1 .85b -  2.91b' from 
Shenden and Ogren (1999), w ho extracted the equation from the work o f  Wiscombe and 
Grams (1976). Using a range o f values for b introduces upper and lower limits for 0 
(0.24 to 0.27), which we have incorporated into the calculation o f AF uncertainty.
4.2.5 Backward Trajectory Model, Source Regions, and Filter Selection Process
Three-day three-dimensional back trajectories have been calculated using the 
NOAA HYSPLIT 4 Model (Hybrid Single-Particle Lagrangian Integrated Trajectory 
Model; Draxler and Hess, 1997). For this work, the model was driven by 80 km x 80 km 
grid meteorological fields (at 22 vertical layers) produced by the Eta Data Assimilation
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System available from the NOAA-ARL Ready web site (http://www.arl.noaa.gov/ready/, 
2001). The trajectories had a starting height o f 1000 m above model terrain height and 
were calculated every six hours from July 7, 2000 to September 3, 2001. Each trajectory 
was manually classified into one o f  five source regions, or classified as “mixed” when the 
trajectory passed through more than one region on its way to our measurement site 
(Figure 4.1). We attempted to delineate source regions such that N-NE (north-northeast) 
represents clean continental air advecting out o f Canada, W (west) represents air that has 
been impacted by industrial and urban complexes in southern Canada and the Great 
Lakes region, SW (southwest) represents air influenced primarily by emissions from 
coal-fired power plants in the Ohio River Valley and beyond, S (south) represents air 
impacted by transportation and urban sources on the Atlantic seaboard, and E (east) 
represent clean maritime air.
We are able to describe the influence o f air mass type on the physical, chemical, 
and optical properties o f  column and surface aerosols at the measurement site by 
partitioning trajectories into specific source regions. An air mass (not to be confused 
with solar air mass mentioned above) is considered to be a large homogenous volume o f 
air characterized by a specific vertical profile o f various state parameters (e.g. RH and 
temperature). Logically, the properties o f  aerosols are also thought to be uniform within 
an air mass at any given moment in time. Combining this generalization with 
information from back trajectories does not, o f course, consider the history o f  an air mass 
further back in time than the specified trajectory duration (3 days).
We used this air mass history information to select 24-hour integrated filters for 
chemical analysis. Even though we collected quartz and teflon PM’ 5 filters every day
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during the 2 periods mentioned above, only a portion were analyzed for soluble ions and 
carbon. To select filters for analysis, the four trajectories that coincided with the 24-hour 
filter time interval had to all come from one o f the source regions shown in Figure 4.1. 
This screening process led to 43% o f the filters being analyzed (155 out o f  360).
Chemical analysis results, along with 24-hour averages o f bsp and bap, were used to derive 
(NFUhSQj and OC scattering efficiencies, and EC absorption efficiencies, for
S W
Figure 4.1 Study source regions used to categorize back trajectory origins: north-
northeast (N-NE), east (E), south (S), southwest (SW), and west (W). The 
stars represent the location o f  the top 10 SO: emitting plants in the U.S. (U.S. 
EPA, AIR Data Base, 2001).
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the different air mass types. However, because o f  a low number o f  cases when transport 
was consistently out o f the SW or S over the 24-hour filter period, we combined these 
two regions when calculating scattering and absorption efficiencies.
4.3 Results and Discussion
4.3.1 Distribution of Trajectories into Source Regions
A total o f 1688 trajectories were calculated during the study period. Roughly 
38% had 3-day origins in the north-northeast region, while 34% originated in the west.
In comparison, 10% originated in the southw est region. 7% in the south region, 8% were 
from mixed sources, and just 3% originated in the east (Figure 4.2). A seasonal 
breakdow n indicates a similar distribution during most o f  the seasons. During each 
season from September 2000 to September 2001 at least 71% o f the trajectories 
originated in the west or north-northeast regions. In comparison, transport from the south 
and southw est ranged from a low of 11% during spring 2001 to a high of 22% during 
summer 2001. Transport from the south occurred less than 5% o f the time during fall 
2000, w inter 2000-01, and in spring 2001, compared to 12% o f  the time during summer 
2001 and summer 2000 (Figure 4.2).
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Figure 4.2 Annual and seasonal distribution o f 3-day backw ard trajectories calculated 
every 6 hours at a starting height o f 1000 m. The source regions are shown in 
Figure 4.1. Mixed sources occurred when the trajectory passed over two or 
more source regions in route to the measurement site.
4.3.2 Seasonality o f Aerosol Surface and Column Optical Properties
Hourly values o f  t3 and a  were used to calculate daily averages throughout the 
study period. We were able to derive ra on 241 days out o f  422 possible days (57%). 
Typically, 4-8 hourly averages were used for each daily average calculation; however, on 
12 days, only one hourly value was available for the daily average. A high amount o f
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variability in ra is seen in the time series o f daily and monthly averages, particularly in 
summer 2001 (Figures 4.3a and 4.3b). The highest daily average o f  ra (0.621) was 
recorded on July 24, 2001. Turbidity then dropped rapidly over the next 24-hours to a 
below average ra value o f  0.112 on 25 July. The lowest daily average a  (0.527) was seen 
on April 15, 2001 and the highest values appear in winter. A monthly time series o f  a  
(Figure 4.3c) indicates that the springtime mean column-integrated particle size shifts to a 
slightly larger size distribution, which could be a reflection o f an increase in atmospheric 
mineral dust that is typically observed in the free troposphere during spring (e.g., 
Dentener et al., 1996). A much low er amount o f  variability in the monthly averages o f a  
is seen than in monthly averages o f ra (illustrated by error bars in Figure 4.3b).
Monthly average values o f ra demonstrate that turbidity reaches its minimum in 
the w inter and maximum in the summer (Figure 4.3b). Similar results have been shown 
by other investigations at continental sites in the U.S. (Holben et al., 2001; Michalsky et 
al., 1994) and in Canada (Smirnov et al., 1994). At our measurement site, this annual 
cycle is probably influenced by increases in light scattering as RH increases in summer. 
Many investigators have documented the ability o f  atmospheric aerosols to absorb w ater, 
which significantly increase the particle’s extinction cross-section (e.g.. Malm and Day, 
2001; Hegg et al., 1993). Changes in transport could also be influencing the aerosol 
burden between the two seasons through the delivery o f  more polluted air masses from 
the south and southwest; however, we have observed only subtle difference in our 
trajectory analysis. Backward trajectories calculated during winter 2000-01 and summer 
2001 reveal that both seasons had >70% o f their trajectories originating in the west or the
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north-northeast regions, while during summer 2001, 22% o f the trajectories originated in 
the south or southwest regions, compared to 16% in winter 2001-01 (Figure 4.2).
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Figure 4.3a Daily averages (n = 241 ) and running w eekly mean o f  aerosol optical depth 
(Tau) at X = 500 nm and Angstrom Exponent (Ang. Exp.).
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Figure 4.3b and 4.3c Monthly averages o f aerosol optical depth (b) and Angstrom 
Exponent (c). Error bars equal ± 1 standard deviation.
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The daily av erage time series o f  PM: 5 surface light scattering coefficient (bsp) 
shows maximum values and large variability during summer 2 0 0 1  compared to the rest o f 
the study period (Figure 4.4a). Box and whisker plots o f  seasonal means and percentiles 
illustrate that scattering was fairly consistent from the beginning of our study period 
through spring o f 2001 with seasonal averages o f bsp at or near '2 0  M m '1. During 
summer 2001, however, the mean rose to '5 0  Mm ' 1 with the 90th percentile reaching a 
value o f  100 Mm 1 (Figure 4.5a). In contrast to bsp, PM: 5 surface light absorption 
coefficient (bap) measurements display maximum values in w inter, w ith considerable day- 
to-day variability (Figure 4.4b). Box and whisker plots show that winter 2000-01 mean 
values o f  bap were near 5 Mm !, while the other season’s values were ~3 Mm ' 1 with a 
smaller range (Figure 4.5b). These patterns in bsp and bap led to a mean single scatter 
albedo (ca) minimum o f 0.81 in fall 2000 and a ca maximum o f 0.89 in summer 2001 
(Figure 4.5c). A similar annual pattern in ca has been observed at the NOAA-CMDL 
regional monitoring site at Bondville, 1L during 1996-1999, where monthly median 
minimum ca values o f '0 .8 6  were observed in September and October (NOAA-CMDL, 
2001). Our annual average during September 2000 to September 2001 was ca = 0.85 *
0.07 (± 1 ct), compared to the annual av erage during 1996-1999 at the Bondv ille site o f 
0.92 ± 0.06. It should be noted that at our site ca is calculated with bsp measurements that 
are made at a RH o f  < 45%, while at the NOAA-CMDL site RH < 40%.
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Figure 4.4 Time series o f PM; s daily average scattering coefficient (X = 530 nm) (a), 
absorption coefficient (X = 565 nm) (b), and single scatter albedo (X = 565 nm) (c) for the 
entire study period o f July 7, 2000 to September 3. 2001.
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Figure 4.5 Seasonal distribution o f scattering coefficient (a), absorption coefficient (b), 
and single scatter albedo (c). The top and bottom o f error bars are the 90th and 
10th percentiles, the top and bottom o f the box are the 75 th and 25th 
percentiles, the line in the box is the median, and the symbol is the mean.
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4.3.3 Relationships between Surface Aerosol Properties and Source Regions
Relationships between variations in air mass source regions, as indicated by back 
trajectories, and variations in bsp, bap, and to are shown by comparing hourly averages o f  
these parameters at the same time interval that the trajectory is specified to arrive at the 
sampling site throughout the study period. Statistics for the hourly averages o f each 
parameter are calculated once the individual trajectory and its associated bsp, bap, and u  
values have been classified into one o f  the source regions in Figure 4.1 (Table 4.1). As 
anticipated, the highest mean o f bsp and bap occurs when transport is from the southwest. 
The lowest mean bsp occurs during north-northeast transport and the lowest bap occurs 
when transport is out o f  the east (although there is small number o f times when transport 
was from the east). The dominance o f light scattering when transport is from the more 
polluted regions is illustrated by comparing u  values. The lowest <a occurs during north- 
northeast transport scenarios, and the highest occurs when transport is from the south 
(Table 4.1).
The fact that the lowest u? values are observed during times when transport is 
from the cleanest sector suggests that elemental carbon (EC; the primary absorber in the 
atmosphere) is a ubiquitous and fairly constant component o f aerosols in the eastern part 
o f  North America. EC is produced exclusively by combustion processes and, unlike the 
major light scattering components o f aerosols (i.e., OC and SO-t2'), is a primary aerosol 
with a relatively long atmospheric lifetime (Goldberg, 1985). Calculated lifetimes range 
from under 40 hours in rainy climates to well over 1 week in clean, dry regions (Ogren 
and Charlson, 1983). A look at the chemical composition o f  PM: s during the different 
transport situations shows that there is not a considerable difference between EC
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Table 4.1 Relationships Between Variations in Air Mass Source Regionsa and Surface 
Fine Particle Optical Parametersb
b»p b |ji u
N-NE
mean 15.8 2.8 0.83
sdc 15.1 2.7 0.08
max 172.0 30.4 1.00
min 0.6 0.1 0.46
n 618 634 613
W est
mean 34.3 4.0 0.86
sd 32.4 3.4 0.08
max 218.3 25.3 1.00
min 1.7 0.1 0.56
n 545 556 534
SW
mean 50.2 5.5 0.87
sd 37.3 4.4 0.08
max 244.3 35.5 1.00
min 2.3 0.1 0.58
n 158 160 157
South
mean 41.1 3.0 0.91
sd 35.8 2.8 0.06
max 180.4 16.0 1.00
min 3.9 0.04 0.69
n 109 99 98
E-SE
mean 17.3 1.7 0.90
sd 9.4 2.1 0.06
max 39.0 11.6 1.00
min 1.2 0.0 0.67
n 51 50 50
‘Source regions determined by 3-day backward trajectories calculated every 6 hours from 7 7 00 to 9 3 01 
and classified into the geographic regions illustrated in Figure 4.1.
bBased on hourly values (at each 6 hour interval) o f parameters [bsp (M m 1) = scattering coefficient (530 
nm );bap(M m  ') = absorption coefficient (565 nm): u  ■= single scatter albedo (b^bsp-bj,,) at 565 nmj. 
"Standard Deviation
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concentrations when transport is from the north-northeast compared to transport from the 
more polluted sectors (south and southwest) (Figure 4.6). In comparison, a stark contrast 
between S 0 4: concentrations during south and southwest transport compared to north- 
northeast transport is observ ed. A similar pattern is observed for NH4\  while OC 
concentrations more closely resemble the variations seen in EC. Given the many 
different natural and anthropogenic sources o f  OC (e.g. Schauer et al., 1996), it is not 
surprising that one source region does not stand out in Figure 4.6c. Thus it is apparent 
that the major differences between w w hen transport is from the various source regions 
are governed primarily by changes in S 0 4‘ source strength.
4.3.4 V ariations in Column Aerosol Properties and Source Regions
As shown above, we were able to extract a surface optical param eter hourly 
average for each trajectory' that w as calculated (because o f continuous measurements).
V ertical column optical parameters, how ever, are limited to daylight hours w hen a clear 
path to the sun exists. As a result, there are many few er hourly averages o f  column 
measurements with the same time-stamp as the trajectories (calculated every 6 hours).
To increase the number o f  observ ations in each bin, w e have grouped the south and 
southwest trajectories together when comparing transport patterns to column aerosol 
optical properties. Although the number o f  observations was relatively low for southwest 
transport (n = 28) and south transport (n = 14), the column optical parameters were not 
statistically different between the two transport scenarios. Thus we did not bias the 
results when combining measurements o f  air mass properties from the two source 
regions. In addition, there were only 2 observations when transport from the east and the
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Figure 4.6 PM: s 24-hour integrated chemical composition broken down into the source 
regions shown in Figure 4.1 (see text). Number o f  filters analyzed per source 
region is N-NE (64), West (64), SW ( 1 1 ), South (12), and East (4). Bars, box, 
and symbols are same as in Figure 4.5.
Similar to what was seen for PM: 5 bsp at the surface, the highest ra values were 
observed during south-southwest transport situations, mid-range values during westerly 
transport, and the lowest ra during north-northeast transport (Table 4.2). Minimum and
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maximum ra also follow this pattern. A Student’s t-test revealed that the differences 
between the mean values o f ra for south-southwest, west, and north-northeast air are 
statistically significant at the 99% level. In contrast, the differences between a  for the 
different source regions are not statistically different (Table 4.2). This result is somewhat 
surprising, given the different aerosol formation mechanisms (and implied size 
distribution differences) that are likely taking place in the different source regions.
Table 4.2 Relationships Between Variations in Air Mass Source Regions'* and 
Aerosol Column Optical Parameters*1
7500 7670 a
N-NE
moan 0.10 0.06 1.6
sd' 0.05 0.03 0.5
max 0.29 0.19 3.3
min 0.03 0.01 0.4
n 141 141 141
West
mean 0.14 0.09 1.7
sd 0.08 0.05 0.4
max 0.42 0.24 3.2
min 0.05 0.02 0.6
n 103 103 103
s-sw
mean 0.24 0.15 1.7
sd 0.14 0.09 0.4
max 0.71 0.41 2.7
min 0.06 0.03 0.8
n 42 42 42
'Source regions determined by 3-day backward trajectories calculated every 6 hours from 7 7 00 to 
9 3 01 and classified into the geographic regions illustrated in Figure 1.
bBased on hourly values (at each 6 hour interval) o f parameters [rs,»> and v »  = aerosol optical depth at 
500 nm and 670 nm; a  = Angstrom Exponent].
‘Standard Deviation
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There are slight differences in the range o f  a  values between the three major 
source regions, even though the mean values o f  a  are not significantly different. A 
scatter plot o f  ra versus a  is a standard optical representation that allows us to define 
physically interpretable patterns for the three air mass types (Smirnov et a., 1994; Ahem 
et al., 1991). A slight decrease in a  variability with increasing ra is seen (Figure 4.7a). 
We have placed thresholds o f  one standard deviation about the mean to better optically 
characterize each air mass type and the result is shown in Figure 4.7b (cf. Smirnov et al., 
1994). This information can be used to place upper and lower limits on a priori optical 
characteristics o f different air mass types for use in satellite retrieval algorithms and 
global climate models.
4.3.5. Connections between Surface and Column Aerosol Optical Properties
In the past, estimates o f  direct radiative forcing by aerosols have generally relied 
on surface aerosol radiative properties (e.g., IPCC, 1996; Charlson et al., 1992). 
Establishing a link between column and surface measurements can help reduce some o f 
the uncertainties in climate models and satellite retrieval algorithms that assume that 
surface aerosol measurements adequately represent column aerosol properties. Ideally, in 
a well-mixed boundary layer with no substantial amount o f aerosols in the free 
troposphere or the stratosphere, ra values should be equal to the surface light extinction 
coefficient integrated from the ground to the top o f  the boundary layer (with a RH 
function included). We have shown that there are similarities between the mean, 
maximum, and minimum values o f PM:.? optical properties at the surface and total 
aerosol column optical properties in relation to changes in air mass origins. However, we
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would like to establish a more quantitative link between these two measurement methods. 
This has been done by comparing hourly averages o f  the surface fine particle light 
extinction coefficient at 565 nm (blT ^ bsp>,,<nm - bap) to ra (logarithmically interpolated to 
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Figure 4.7 A scatter plot o f Angstrom Exponent versus aerosol optical depth for the three 
air mass types (a). Thresholds o f one standard deviation about the mean help 
define the optical characteristics o f each air mass type (b).
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We were able to obtain 1202 hourly averages o f  ra from July 7, 2000 to
September 3, 2001, and plotted them against hourly averages o f  bq, (Figure 4.8a). The
correlation between the two variables is moderate (r: = 0.57) with a slope o f  2332 ± 59
m, which is a rough estimate o f the average boundary layer mixing depth (cf., Bergin et
al., 2000). A seasonal breakdown illustrates that spring and summer 2001 display a 
■> *
better correlation (r = 0.63 and r = 0.65, respectively), and summer 2000 a moderate 
correlation (r* = 0.55). compared to winter 2000-01 when the two variables are poorly 
correlated (r‘ -  0.35) (Figure 4.8).
A poor correlation between these two variables could be due to a number o f 
reasons such as 1) incomplete vertical mixing (aerosols aloft are contributing to 7 a values 
and not to b,T). 2) fluctuations in RH (b,p is measured at a low RH and 7a is measured at 
ambient RH), and. or 3) differences in aerosol size distribution and/or chemical 
composition with height. The relatively good correlation in summer is somewhat 
surprising given that RH is much more variable and normally higher at this time o f year 
(compared to other seasons). The poor correlation during winter could be the result o f a 
stable boundary layer due to the lack o f considerable thermal updrafts. The open fields 
surrounding the measurement site were covered with snow from December 15, 2000 
through April 1, 2001. Snow cover can cause a temperature inversion near the surface, 
capping any vertical movement o f air (Stull, 1988). If there is not considerable vertical 
mixing, a surface based measurement (bq,) and a measurement representing conditions 
aloft (ra) would be decoupled.
We have produced scatter plots o f bq, and 7a during the three major transport 
situations to examine how changes in air mass origin may influence the relationships
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between the two variables. Because o f  a relatively low number o f  observations when r3 
and the 6 hour trajectory interval coincided (see n in Table 4.2), we have made the 
assumption that transport did not change between trajectory intervals. For example, if  the 
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Figure 4.8 Total study period and seasonal breakdown o f the relationship between
aerosol optical depth and surface PM: 5 light extinction coefficient (565 nm).
originated in the west region, we assumed that the 5 hourly trajectories between these two 
times also originated in the west. Given the rate at which frontal systems typically move
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in the northeast (e.g., Brankov et al.. 1998), we feel this is a reasonable assumption. This 
assumption increased the number o f  observations during north-northeast transport from 
141 to 564, during west transport from 103 to 334, and during south-southwest transport 
from 42 to 6 6  (Table 4.2 and Figure 4.9).
Scatter plots reveal that during times o f north-northeast transport, bcp and 7 a are 
poorly correlated (r2 = 0.35), and are moderately correlated during west ( r  = 0.51) and 
south-southwest (r2 = 0.48) transport situations (Figure 4.9). The relatively low values o f 
7a and bep during north-northeast transport is likely causing the observed low correlation. 
A seasonal breakdown o f  north-northeast transport show s that the only time o f  year the 
two variables are well correlated is in summer 2001 (Figure 4. lOd), a time when b^  and 
ra values are at their highest. The moderate correlation between 7a and b ^  seen during 
west transport is fairly consistent throughout the four seasons (Figures 4. lOe - 4.1 Oh). 
Because o f the low number o f  observations during south-southwest transport we are not 
able to present a seasonal breakdown. However, the total study period scatter plot does 
show that a wide range o f  7 a and b^, values were observed (Figure 4.9c).
4.3.6. Fine Particle Light Scattering and Absorption Efficiencies
Chemical analysis o f  '1 5 0  24-hour integrated PM: 5 filters have allowed us to 
determine the scattering efficiency (<rsp) and the absorption efficiency ( a ap) o f  key 
chemical components during the entire study period, as well as within the three different 
air mass types. Ion chromatography (IC) results show that SO42' is nearly completely 
neutralized by N H /;  linear regression (in equivalents) indicates that [SO42 ] -  1.07 ±
0.10 [NH4 "] with an r2 -  0.89. Thus for the multiple linear regression (M LR) analysis we
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have assumed that all sulfate is in the form o f (NH-jhSQj. Other IC results show that 
[NO}'] is more than an order o f magnitude lower than [SO.T'], therefore we have not 
included any NO.L in the MLR analysis. Further, all other ionic species measured (Ca‘ \  
N a \ Mg: \  K \  NH4*, Cl , and oxalate) were at or near the LOD o f the analytical method.
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Figure 4.9 Scatter plots o f aerosol optical depth and the light extinction coefficient
during the three main transport situations: north-northeast (a), west (b), and 
south-southwest transport (c).
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Figure 4.10 Seasonal distribution o f  the relationship between aerosol optical depth and 
the light extinction coefficient during north-northeast transport (a-d) and 
during west transport (e-h).
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As a result, we have included only organic carbon (OC) and (NH4 ):S 0 4 in the MLR 
model. It is recognized that fine particle mineral dust could be contributing to the 
measured bsp at this site; however, at other PM: 5 monitoring locations in rural New 
England dust concentrations are at most 10-15% o f the total PM: 5 mass (e.g., Sisler and 
Malm, 2000; Cass et al., 1999). This fact, coupled to the low scattering efficiency o f dust 
( '1  m: g 1), led to the assumption that OC and (NH4 ):S 0 4 were the only major chemical 
species contributing to light scattering at the site. Elemental carbon (EC) is assumed to 
be the only chemical component responsible for fine particle light absorption.
The study period (NH4 ):S 0 4 a sp value o f 6 .54 ± 0.26 m‘ g ' (Table 4.3) is 
identical to the average o sp presented by White (1990) in a literature survey o f  light 
extinction by fine particles in the northeastern U.S., and w ithin the uncertainty o f  the 
value o f 5.0 * 2.0 m‘ g 1 presented by Charlson et al. (1992; 1991) and used extensively 
in global aerosol chemical radiation models. The value is also similar to the (NH4 ):S 0 4 
o ,P values of 5.35 ± 0.42 m: g 1 and 4.94 ± 0.68 m: g 1 reported by Slater et al. (2002) for 
clean and polluted air masses, respectiv ely, transported to a rural site in northern New 
Hampshire. Mie Theory calculations find that a o Np value of 6.5 m‘ g 1 for (NH 4 ):S 0 4 
corresponds to a mean particle diameter o f  0.50 pm (Ouimette and Flagan, 1982). A 
similar mean size for S 0 4: (0.63 ± 0.10 pm) has been reported at a rural site in central 
MA by Lefer and Talbot (2001).
The OC ctsp derived for the entire study period o f 3.36 ± 0.49 m: g ' 1 is similar to 
the value o f 3.81 m: g ' 1 reported by Omar et al. (1999) for a low RH (<63%) at the rural 
Bondville, 1L site (mentioned above), which was derived using the ELSIE semi-empirical 
light extinction model (Sloane and Wolff, 1985). However, the mean over 14 months in
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southern NH (3.36 ± 0.49) is considerably higher than the value o f 1.56 ± 0.40 for OC 
scattering efficiency for the clean-sector air masses arriving in northern NH (Slater et al., 
2002 ).
Charlson et al. (1999) point out that despite the lack o f standardized methods for 
calculating SO.T' scattering efficiencies, most o f  the reported values at low RH and a 
w avelength o f 550 nm fall w ithin a range o f  a factor o f  tw o. The authors also state that 
variations in the aerosol size distribution are the dominant cause o f  the observ ed 
variability (Charlson et al., 1999). We therefore anticipated that changes in air mass 
origin would influence the mass scattering efficiencies o f both OC and (NHahSO.,. 
However, OC and (NHahSOa asp  values are not statistically different between the three 
air mass source regions (Table 4.3). except for OC a ,p during days o f south-southw est 
transport. The large standard deviation o f  OC a ,p during south-southw est transport 
suggests that a larger data set might not yield a mean that is significantly different than 
the other source regions. The lack o f variability o f  a ,p among different transport 
scenarios is consistent w ith the observation that a  does not vary w hen air mass origins 
change (indicating that column size distribution is relatively stable). We conclude that 
even though there is a high amount o f variability in the chemical composition and the 
amount o f aerosols delivered to the site with different air mass origins, the size 
distribution o f those particles is not significantly different (as determined by these 
methods).
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Table 4.3 Scattering Efficiency (RH < 45%) o f Ammonium Sulfate and Organic Carbon
(NH4)2S 0 4 OC
V1 R2 _  b®ip sd Pd sd P
Total* 149 0.991 6.54 0.26 >0.001 3.36 0.49 >0.001
N-NE 60 0.85 6.05 0.76 >0.001 3.33 0.47 >0.001
West 63 0.99 6.63 0.37 >0.001 2.98 0.72 0.001
S-SW 22 0.99 5.38 1.14 0.001 7.53 3.11 0.01
■■Number o f 24-hour average optical and chemical measurements used in regression analysis 
Scattering Efficiency in m' g at 530 nm 
"Standard dev lation
JLevel o f significance based on t probability 
'Includes 4 cases when transport was from the east 
'Coefficient o f determination of MLR
Reported values o f EC a ap span a much broader range (as much as an order of 
magnitude), as compared to the range o f (NH4 );S0 4 a ,p reported in the literature (e.g., 
Liousse et al., 1993). Along with variations in particles size distribution (mentioned 
above), the variability o f  EC crap can be attributed to 1) the lack o f  a universal method for 
measuring EC. 2) variable aerosol mixing state (i.e., internal versus external mixing), 3) 
the age o f  the aerosols (particle morphology changes), and/or 4) the enhancement o f 
absorption by degree o f  aggregation (Fuller et al., 1999; Horvath, 1993). It is likely that 
one or more o f  these factors are affecting crap between transport from the south-southw est 
days (a ap = 9.74 £ 2.11 m* g 1) and days when transport was from the west (a ap = 15.41 ± 
1.36 m: g"1) (Table 4.4). Therefore a better representation o f  crap at this rural site is the 
total season value o f  12.85 ± 0.80 m: g '1, which is close to the theoretical value o f 10 m: 
g '1 (assuming a monodisperse aerosol with a diameter o f  0.18 pm).
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Table 4.4 Absorption Efficiency o f  Elemental Carbon
__________ V
>
r* _  b Oip sdc Pd
Totale 149 0.64' 12.85 0.80 >0.001
N-NE 60 0.67 12.43 1.10 >0.001
West 63 0.67 15.41 1.36 >0.001
S-SW 22 0.52 9.74 2.11 >0.001
'Number o f 24-hour average optical and chemical measurements used in regression analysis 
hAbsorption Efficiency in m" g 1 at 565 nm 
"Standard deviation
JLevel o f significance based on t probability 
'Includes 4 cases when transport was from the east 
Correlation coefficient from linear regression
4.3.8 Estimating Direct Aerosol Radiative Forcing
Russell et al. (1997) have shown that aerosol layers occurring o ff the U.S. east
coast that have ra values o f 0.1 to 0.5 can result in a direct aerosol forcing at the top o f the
atmosphere o f - 14 to -48 Wm ‘ (much larger than the global mean o f  -0.07 to -1.24 
•»
VVm '). However, that study was confined to a 1-month period in July 1996. To explore 
seasonal and annual affects o f  aerosols on the regional radiative budget, we have 
estimated direct aerosol radiative forcing during our 14-month study period. Because 
Equation 4.7 assumes that the upscatter fraction (/3) and surface albedo (R,) are averaged 
over all solar zenith angles, we have limited radiative forcing calculations to days when 
there were very few clouds during the entire day, which amounted to only 82 days during 
the entire study period. However, during each month o f  our study period clear-skies 
existed (an average o f 4 days/month).
During summer 2001 a negative forcing was prevalent, and during winter 2000-01 
a positive forcing w as observed from mid-December to the beginning o f  April (Figure
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4.11). The mean AF for summer 2001 is -4.45 ± 2.65 W m': (± 1 ct), while the mean for 
winter 2000-01 is +3.99 ± 0.99 Wm': (Table 4.5). The positive forcing observed during 
w inter w as caused by a combination o f  high Rs (due to a continuous snow cover from 
December 15, 2000 to April 1, 2001) and low single scatter albedo (oj) (winter average ui 
= 0.84; Figure 4.5c). The summer 2001 negative forcing was a result o f  the high amount 
o f  scattering (Figure 4.5a) and a relatively low average Rs o f  0.20. During fall 2000 an 
average negative forcing o f  -1.79 ± 1.76 W m ': was derived (Table 4.5), despite the low u  
observed for that season (w = 0.82, Figure 4.5c). Spring 2001 mean AF o f + 1.94 ± 4.18 
W m ' reflects the fact that during March the ground was covered with snow and te was 
-0.85, resulting in a positive forcing until the beginning o f  April (Figure 4.11 and Table 
4.5). The annual average AF (September 2000-September 2001) o f -0.93 ± 4.10 Wm '  
falls within the range o f  estimates for the global average mentioned above (Table 4.5). 
This result is somewhat surprising, given that the northeastern U.S. is much more 
industrialized than many other parts o f the w orld.
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Table 4.5 Clear-Sky Average Aerosol Radiative Forcing (AF) at X = 565 nm
AF“ Variability6 n
Tear
(Sept. 0 0 -S ep t 01) -0.93 =4.10 70
Fall 00
(Sept.-N ov.) -1 .79 = 1 .76  21
Winter 00-01
(D ec.-F eb .) -  3.99 =0.99 12
Spring 01
(Mar - May) -1 .9 4  =4.18 14
Summer 01
(June-A ug .) - 4.45 = 2.65 23
'Based o n  daily averages m  Wm •
“Variability is reported as r 1 standard deviation
15
Ju l-0 0  S e p -0 0  Oct-OO Feb-01  A pr-01 Ju n -0 1  Aug-01
Figure 4.11 Clear-sky direct aerosol radiative forcing at Thompson Farm. The time
series contains 82 daily averages spread over the 14-month period (gaps in the 
record are not shown).
R ep ro d u ced  with p erm iss io n  o f  th e  copyright ow n er. Further reproduction  prohibited w ithout p erm issio n .
4.4 Summary and Conclusions
We have reported on a 14-month long study o f  the physical, chemical, and optical 
properties o f PM; 5 at the surface, and the physical and radiative properties o f the vertical 
column total aerosol, at a rural site in southern New Hampshire. The main conclusions 
that can be drawn from this work are as follows:
1) Air mass transport to the site was dominated by flow from the north-northeast 
and the west during July 7, 2000 to September 3, 2001, as well as during each 
season within this time frame.
2) Maximum values o f ra were observed during summer 2001 and minimum 
values seen during w inter 2000-01. Minimum values o f  a  in spring suggest an 
influence o f  dust aerosols aloft. PM; 5 b,p peaked in summer 2001, with little 
variation in the other seasons, while PM; s bap maximum values were seen in 
winter. The single scatter albedo o f  PM; 5 attained its lowest value o f 0.81 in 
fall 2000 and highest value o f 0.89 in summer 2001.
3) PM; 5 [N H /] , [S O /'] . b,p. bap, and total aerosol ra were highest during times 
o f transport from the south-southw est and low est during north-northeast 
transport. The single scatter albedo was lowest during time o f transport from 
the cleanest sector, suggesting that EC is a ubiquitous component o f  fine 
particles in New England.
4) The Angstrom Exponent was not significantly different between the different 
air mass classes indicating that the aerosol size distribution above the site is 
not strongly influenced by regionally distinct processes upwind.
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5) PM: ? bq, and ra were moderately correlated throughout the study period ( r  = 
0.57. n = 1202). The best correlation (r‘ = 0.65) occurred during summer 
2001 and during transport from the west ( r  = 0.51).
6) The total season mass scattering efficiency o f  (NH 4 ):S0 4  and OC was 6.54 * 
0.26 m: g 1 and 3.36 ± 0.49 m: g respectively. The efficiencies for these 
two species were not significantly different among the three major air mass 
origins. The total season absorption efficiency o f EC was 12.85 ± 0.80 m ' g 1.
7) The yearly av erage AF at the site was -0.93 ± 4.10 Wm : . In w inter AF = 
+3.99 * 0.99 Wm ‘ and in summer AF = -4.45 ± 2.65 Wm': , differences that 
can be attributed to the seasonal changes in surface albedo and fine particle 
single scatter albedo.
This w ork has demonstrated that many o f  the physical, chemical, and optical 
properties o f aerosols at the surface and in the v ertical column are highly variable at this 
regional background measurement site. The fact that the derived mass scattering and 
absorption efficiencies do not vary significantly from theoretical values, or vary as air 
mass source regions changed, supports climate models and satellite retrieval algorithms 
that use a single geographic value for these parameters. The moderate correlation 
between bq, and ra observ ed in this study suggests that vertical column aerosol radiative 
properties measured by surface-based radiometers only adequately represent boundary- 
layer aerosol properties. Aerosol optical depth measurements should be supplemented by 
boundary-layer measurements o f aerosol chemical, physical, and radiative properties to 
help understand the mechanisms contributing to global aerosol variability.
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CHAPTERS
A COMPARISON OF AEROSOL OPTICAL DEPTH MEASURMENTS BY A 
SHADOWBAND RADIOMETER TO MEASUREMENTS BY THE MODERATE 
RESOLUTION IMAGING SPECTROMETER (MODIS) 
Abstract
Surface-based measurements o f  aerosol optical depth at a rural site in southern 
New Hampshire are compared to retrievals o f  the same parameter by the Moderate 
Resolution Imaging Spectrometer (MODIS) during a four-month period in 2001. Hourly 
averages o f aerosol optical depth (AOD) were derived using a multi-filter rotating 
shadow band radiometer (MFRSR) at the time o f NASA’s Terra satellite overpass. The 
MODIS Level 2 aerosol product at a wavelength o f 550 nm was directly compared to the 
MFRSR interpolated AOD at 550 nm. On 46 days (out o f  a possible 128 days) w e were 
able to compare the two AOD measurement platforms and observed a good agreement 
between the two methods ( r  = 0.66). However, there were 11 days during this study 
period when MODIS measured AOD at the site, but the MFRSR did not due to excessive 
cloud cover. There were also 7 days when clear skies prevailed at the time o f  MODIS 
overpass, but there was no AOD retrieved by MODIS. Surface-based measurements o f 
fine particle (PM: 5) mass, chemical composition, and optical properties were also 
performed during summer 2001. Ammonium sulfate was found to be the main aerosol 
component during times o f  high turbidity, while organic carbon dominated during times 
o f  low-to-moderate turbidity.
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5.1 Introduction
Atmospheric aerosol particles directly affect the Earth’s radiation balance by 
backscattering and absorbing short-wavelength solar radiation (e.g. Charlson. 1992). 
However, there is considerable uncertainty over the “direct effect” o f  aerosols due to their 
spatial and temporal heterogeneity (IPCC, 2001). It is therefore necessary to quantify 
aerosol intensive (e.g.. chemical composition) and extensive properties throughout the 
global atmosphere. Aerosol optical depth is an extensive property oflen used to remotely 
assess aerosol concentrations in the atmosphere from ground-based and satellite-based 
radiometers. Ground-based monitoring o f aerosol optical depth is performed within 
world-wide networks, as well as on regional and local scales (Holben et al., 2001; Ingold 
et al.. 2001; Bokoye et al., 1998; Michalsky et al., 1994). Satellite-based AOD 
measurements have been performed in the past (for a review see Kaufman et al., 1997), 
and are one of the functions o f a new generation o f radiometers such as the Moderate 
Resolution Imaging Spectrometer (MODIS; Tanre et al., 1997). However, satellite 
retrieval algorithms require assumptions about several key aerosol properties which can 
lead to significant uncertainty in the derivation o f products such as AOD (Kaufman et al., 
1997). A comparison o f  ground-based measurements with satellite measurements will 
help to decrease this uncertainty (e.g., Holben et al., 2001).
In this work, we compare AOD retrievals from MODIS, to AOD derived from 
surface-based measurements o f  solar irradiance using a multi-filter rotating shadowband 
radiometer (MFRSR; Harrison et al., 1994) at a rural site in southern New Hampshire 
(Thompson Farm, 43 .11°N, 70.95°W; 21 m elevation). Additionally, daily average fine
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particle chemical composition and mass measured at the surface is compared to AOD 
measurements during summer 2001. This information helps to determine the type and 
the sources o f  aerosols contributing to the observ ed variability in AOD at this rural New 
England site. A comparison of hourly averages o f  MFRSR AOD to hourly averages o f 
the surface aerosol light extinction coefficient during summer 2001 provides further 
information concerning the relationship between surface and column aerosol optical 
properties.
5.2 Methods
5.2.1 Ground-based Aerosol Optical Depth Measurements
Total and diffuse horizontal irradiance were measured at Thompson Farm using 
the MFRSR in six narrow bands, approximately 10 nm wide, centered on 415, 500, 615, 
673, 870, and 940 nm. Details o f the instrument are found in Hamson et al. (1994). 
Measurements were made every 15 seconds and one-minute averages were recorded.
The MFRSR is heated to keep its components at a constant temperature, and to keep it 
free o f  snow and ice. Direct normal irradiance was calculated from the measured total 
and diffuse components, and then used in the calculation o f  AOD.
The key to successful AOD measurements is to develop a procedure that 
calibrates the instrument under stable atmospheric conditions on a semi-continuous basis. 
The Langley method o f  calibration has been used historically by many investigators (e.g., 
Shaw, 1983). To begin, we express the Bouguer-Lambert-Beer law in instrument terms:
V = V0 exp(-7m), (5.1)
where V and V0 are the response o f  the radiometer at the surface and at the top o f  the 
atmosphere, respectively, r  is the total column optical depth, and m is the air mass
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traversed by the direct solar beam relative to the air mass in the zenith direction 
(Michalsky, et al., 2001). The V0 term is continuously adjusted to account for variations 
in the sun-earth distance. Calculations o f  solar air mass that consider the effects o f  the 
curvature o f the earth and the refraction o f  an atmosphere o f variable density on the 
trajectory o f  a solar beam are achieved through the equation:
m = [cos 0, + 0.15(93.885 - 0, )’' :5V  (5.2)
where 0, is the solar zenith angle (Kasten, 1966). Taking the natural logarithm o f both 
sides o f Equation (5.1), and rearranging, allows r to be derived for a given V„ value.
We employ a strategy detailed by Michalsky et al. (2001) to obtain V„ values 
which involves using successful Langley plots from the site to constantly update the 
instrument calibration. The procedure involves processing the 20 nearest Langley plot 
derived values for V„, normalized to the average solar distance. Successful Langley plots 
using morning and/or afternoon data are selected using the objective algorithm developed 
by Harrison and Michalsky (1994). Briefly, the algorithm calculates V„ (and r) on cloud- 
free days over a solar air mass range o f  two to six. The 20 \ \ ,  v alues are then reduced to 
10 by ratioing V„ at 500 nm to V„ at 670 nm and selecting the inter-quartile range o f 
these ratios. The median o f these 10 V„ v alues is then used to calculate r  for the period 
o f time covered by the Langely piots. We performed this procedure and derived V0 
values at the beginning and at the end o f  the study period, w hich have been used to 
calculate r  at one-minute intervals. This time series o f t  was then manually screened for 
cloud contamination and hourly averages were calculated w hen there were at least 20 1- 
minute values in that hour.
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After solving Equation (5.1) for t  using V0 values derived by this technique, we 
must correct for Rayleigh scattering optical depth and ozone optical depth. Rayleigh 
optical depth (Tra>) was calculated using the formula (Hansen and Travis, 1974):
tRa, = 0.008569 X4 (1 -r 0.0113 1- 0.00013 X4) P/P0 (5.3)
where P is the site pressure (hourly averages) relative to sea level pressure P0 and \  is in 
micrometers. Ozone optical depth was removed by multiplying daily average column 
ozone measurements obtained from N A SA ’s Total Ozone Mapping Spectrometer 
(http: toms.gsfc.nasa.gov ozone/ozone.html, 2001) by the Chappuis band ozone 
absorption coefficients obtained from a look-up table. Rayleigh and ozone optical depths 
are then subtracted from total optical depth, leaving AOD. AOD uncertainty as measured 
by the MFRSR is estimated to be ± 0.01 optical depths (cfi, Michalsky et al., 2001).
5.2.2 Satellite-based Aerosol Optical Depth Measurements
We obtained AOD data from MODIS, which flies on NASA’s Earth Observing 
System Terra satellite platform (Kaufman et al., 1998; King et al., 1992). The MODIS 
Level 2 aerosol product is available nearly globally over land at a spatial resolution o f  10 
km at nadir from the NASA-Goddard DAAC web site. The satellite typically passes over 
Thompson Farm at 1000 to 1200 EST each day. We have compared MODIS “corrected” 
Ta at X = 550 nm during the months o f April through August, 2001 to the MFRSR derived 
ra (MFRSR AOD). Because the MFRSR does not measure irradiance at X = 550 nm, we 
have interpolated ra values at 500 nm and 670 nm using an Angstrom exponent (a) o f  1.7 
± 0.4 (± one standard deviation). This Angstrom exponent, and its variability, was 
derived from a yearlong data set o f  multi-spectral optical depth measurements at the site
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(Slater and Dibb, 2002). The range o f a  values (1.3 to 2.1), introduces an uncertainty o f 
± 8 % in the interpolation o f AOD at 500 nm and 670 nm to 550 nm.
The shortwave reflectance received by a satellite radiometer is composed o f  solar 
radiation reflected from the Earth’s surface and radiation scattered by the atmosphere in 
the direction o f  the sensor (King et al., 1999). To derive AOD from this spectral 
information the MODIS science team uses an algorithm that includes a technique for 
deriving surface reflectance (the dark target approach), a dynamic model that describes 
important aerosol physical and radiative characteristics, and an inversion technique using 
radiative transfer look-up tables computed for the dynamic aerosol models (Kaufman and 
Tanre, 1998). We compare MODIS AOD to the hourly average o f  AOD derived by the 
MFRSR during clear-sky conditions at the hour o f MODIS overpass at our measurement 
site from April 1. 2001 to August 31, 2001. It is important to highlight that we chose 
only clear-sky settings for this comparison. Thus, the reader should bear in mind that the 
results reported here were obtained under ideal atmospheric conditions for obtaining 
aerosol optical depth measurements.
5.2.3 Fine Particle Chemical, Physical, and Optical Measurements
Chemical, physical, and optical properties o f  fine aerosol particles (PM; s) were 
measured at the site using a custom manufactured sampling device that delivers PM; 5 to 
three 47 mm diameter filter cartridges, a Particle Soot Absorption Photometer (PSAP, 
Radiance Research, Seattle, WA), and an integrating nephelometer (M903, Radiance 
Research). The device was located on a platform 5m above the ground. Temperature 
within the sampling device was kept slightly above (~1°C) the outside temperature to
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inhibit the condensation o f water vapor. The device’s inlet is a URG (University 
Research Glassware. RTP, NC) cyclone that has been characterized to have a D50 2.5 pm 
cut point at 93 liters per minute (1pm) flow rate. Quartz-fiber and Teflon filters were 
collected every 24 hours (0700 to 0700 EST) for chemical and physical mass 
measurements.
The Teflon filters (FALP, Millipore, Bedford, MA) were extracted in Milli-Q 
w ater after being wetted w ith high purity methanol and then analyzed for eight inorganic 
ions (Ca: \  N a \  Mg: \  K \  NH4\  Cl , NO<. and S 0 4: ) and one organic ion (C :0 4‘ ) at the 
University o f  New Hampshire by ion chromatography (cfi, Jordan et al., 2000). The limit 
o f detection (LOD) is 0.02 p& nr for NH4’,and 0.002 pg/nv for S 0 4‘ as determined by 
three times the standard deviation o f over 50 field blanks collected at the site. The 
estimated relative precision (coefficient o f variance o f duplicate measurements) is 1 . 1 % 
for NH4\  and 0.6% for S 0 4: . The quartz filters (2500 QAT-UP. Pall Gelman, Ann 
Arbor. Ml) were analyzed for elemental carbon (EC), organic carbon (OC), and total 
carbon (TC) using the thermal-optical/transmission method (Birch and Cary, 1996).
Since carbonaceous aerosols can consist o f a large number o f  different compounds that 
contain H, O, and possibly hetero-atoms from a variety o f  natural and anthropogenic 
sources (e.g., Rogge et al., 1993), a conversion factor is needed to estimate the mass o f  
OC from the mass o f  carbon quantified by the thermal-optical method. In this work, we 
have applied a conversion factor o f 1.4, as suggested by several authors (e.g.. Gray et al.,
1986; W olff et al., 1981). Additionally, both positive (e.g., T urpin et al., 1994) and 
negative (e.g., Eatough et al., 1999) sampling artifacts complicate quartz-fiber filter 
collection o f  OC. We chose to collect OC on a single filter and did not attempt to correct
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for any artifacts. Therefore, the reader should bear in mind that these possible artifacts 
may exist and should consider the OC values reported here as operationally defined. The 
LOD for OC is 0.20 pg/nv and the estimated precision is 2.2%; the LOD for EC is 0.01 
pg/nv and the precision is 7.2% (based on the analysis o f 45 field blanks and 25 sample 
duplicate measurements).
Pre-weighed teflon filters were also collected for PM;? mass on a 1 -in-3 day 
schedule during June-August 2001 (0700 to 0700 EST). Filter handling and weighing 
protocols followed the U.S. EPA’s guidance for PM: 5 mass measurements. The filters 
were equilibrated at constant temperature (20 ± 2 "C) and constant RH (30 ± 2%) for at 
least 24 hours prior to weighing before and after collection.
Light scattering coefficient (bsp) measurements by the nephelometer (wavelength 
(X) = 530 nm) are made at a low reference relative humidity (RH < 45%) to measure 
properties that are intrinsic to the aerosol and are mainly independent o f  atmospheric 
relative humidity. The nephelometer is calibrated with filtered air and filtered CO :(g, 
every 30 days. Light absorption coefficient (bap) measurements by the PSAP (X = 565 
nm) are made at ambient RH. Based on the work o f Andersen et al. (1996) and Bond et 
al. (1999), respectively, the estimated combined standard uncertainty for bsp is ± 11% and 
for bap is ± 18%. Because bsp and bap were measured at different wavelengths, we have 
interpolated bsp to the wavelength o f  the PSAP measurement based on the power law 
bspoc X- (using a  = 1.7 ± 0.4). The scattering and absorption coefficients were used to 
calculate the PM: 5 light extinction coefficient at 565 nm (bq, = bsp 56s nm + bap). The 
combined standard uncertainty for bq, is ± 2 0 %, which results from a combination o f  the 
uncertainty in scattering and absorption measurements, as well as from the range in a  o f
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1.3 to 2.1. We have compared hourly averages o f  AOD at 565 nm to hourly averages o f 
bcp during clear-sky conditions from June -  August 2001 to estimate the relationship 
between surface and column aerosol optical properties.
5.3 Results and Discussion
The MFRSR was operating on 150 days during April 1, 2001 to August 31, 2001 
(out o f 152 days), while the MODIS instrument was operating on 130 days (Table 5.1). 
As a result, there were 128 days available for the comparison o f  AOD betw een the two 
instruments. Out o f these 128 days, the instruments agreed in the crudest sense 86% o f 
the time; both found it too cloudy (64 days = 50% o f the time), or they both judged the 
scene to be clear-sky and derived an AOD value (46 days = 36% o f the time). There was 
complete disagreement 14% o f the time, with MODIS failing to retrieve an estimate o f 
AOD on 7 days when measurements were made by the MFRSR, and on 11 days there 
was a MODIS estimate for the relevant pixel, but it was too cloudy to make the 
measurement at the surface (Table 5.1). These problematic days indicate that there is still 
need for improvement in the algorithm used to identify cloud contamination in the 
processing o f  MODIS data, but we find it more useful to focus on the 86% of the time 
that there was agreement, and to compare the values o f  AOD derived from the two 
sensors on the 46 cloud-free interv als.
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Table 5.1 Summary o f  MFRSR and MODIS AOD Retrievals: April 1 -  August 31, 2001
Number o f  days Number o f Number o f  days Number o f  days
instruments were days AOD retrieval when AOD was
functioning AOD was coincided not retrieved
(out o f 152 days) retrieved between two 
instruments
during clear-skies
MFRSR 150 60a 46 0
MODIS 130h 57 46 7
'Retrievals at 1000 1200 EST only
hMODIS was not operating between June 12 and July 4
The MODIS AOD and MFRSR AOD time series reveals that AOD variability 
was captured by both instruments over the 4-month period (Figure 5.1a). Both below- 
average values (e.g., 0.05 on 29 August) and above-average values (e.g., 0.62 on 24 July) 
o f optical depth were observed during the study period (June 2000 September 2001 
average MFRSR AOD = 0.13 ± 0.08). The measurement site experienced above average 
aerosol loading on se\ eral days during summer 2001, as well as a large amount o f  day-to- 
day AOD variability. The value o f 0.62 on 24 July was the highest AOD recorded at the 
site during June 2000 September 2001. The 0.71 AOD retrieved by MODIS on this day 
w as in good agreement w ith the MFRSR measurement. On one o f  the low est turbidity 
days at the site (29 August), the two instruments returned an optical depth value o f 0.05 
(Figure 5.1a). However, the instruments did not agree on all below-average turbidity 
days; on 15 July, MFRSR AOD = 0.08 and MODIS AOD = 0.25. Overall, the two 
instruments agreement w as quite good. A scatter plot o f  MODIS AOD versus MFRSR 
AOD shows a good correlation (r: = 0.66) with a slope o f 0.95 ± 0 .10  (Figure 5.1b).
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Figure 5.1 A time series o f aerosol optical depth derived at Thompson Farm (MFRSR 
AOD) versus aerosol optical depth derived by the Moderate Resolution 
Imaging Spectrometer (MODIS AOD) (a). The data gap between mid-June 
and early-July shows the time when the MODIS instrument was not operating. 
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The chemical composition o f PM: 5 measured at the surface during summer 2001 
illustrates the dominant aerosol chemical species that are contributing to the variation in 
AOD. The correspondence between surface PM: 5 mass concentration and daily average 
MFRSR AOD is quite good (Figure 5.2); regression analysis confirms the correlation (r* 
= 0.77, p<0.001, n = 18 (not shown)). This relationship is similar to that presented in 
Figure 5.2, which shows a good correlation between MFRSR AOD at 565 nm and the 
PM: < surface light extinction coefficient (r = 0.65) during summer 2001. Generally, 
above average AOD values are associated with days when (NH 4 ):S 0 4 was the dominant 
component o f PM: > (Figure 5.2). When AOD is at or below the summertime average, 
OC is typically the dominant PM: 5 component. Transport from the south and southwest 
was the highest o f  any season during summer 2001 (Figure 4.2), which is likely 
contributing to the high aerosol loading, as w ell as the high amount o f  variability in both 
surface and column aerosol optical properties.
As previously mentioned, the highest hourly average AOD (0.62) during this 
study was recorded at 1100 EST on July 24, 2001 (Figure 5.1a). Backward air mass 
trajectories indicate that transport on this day was out o f the southw est, bringing a warm, 
humid, and polluted air mass into the region. Daily average PM: 5 concentration at the 
site was also well above average at 31.0 pg/nr (Figure 5.2). In contrast, on 29 August 
the daily PM: 5 concentration was 3.09 p g /m \ On this day, transport out o f  the northeast 
brought a cool, dry, and relatively clean air mass into the region from Canada. 
Differences in the chemical composition o f  PM: 5 between these two days shows that on 
24 July, (NH4 ):S 0 4 accounted for 52% and OC for 21% o f PM: 5 ; while on 29 August, 
OC accounted for 65% and (NH4 ):S 0 4 for 27% o f the fine particle mass (Figure 5.2).
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Figure 5.2 PM: < 24-hour integrated chemical mass balance during summer 2 0 0 1 at 
Thompson Farm. Also shown is the daily-average aerosol optical depth 
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Figure 5.3 Summer 2001 (June -  August) hourly averages o f  MFRSR AOD versus 
surface PM: 5 light extinction coefficient (Bep) during clear-sky conditions. 
The slope o f the regression line (m)  is a rough estimate o f  the average 
boundary layer depth at the measurement site.
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5.4 Conclusions
Global satellite coverage o f aerosol intensive and extensive properties is the most 
promising method to quantify aerosol variability in both time and space. Aerosol optical 
depth is an important extensive property that quantifies aerosol loading in the vertical 
column. Additionally, chemical speciation o f the aerosols contributing to different levels 
o f turbidity provides information on aerosol intensive properties. In this work, we have 
compared surface and satellite retrievals o f  AOD in an attempt to "ground-truth” satellite 
measurements. A good correlation was observed (during clear-sky condition) between 
AOD measured by the surface-based MFRSR and AOD measured by the satellite-based 
MODIS (r: = 0.66, n = 46). However, there were several days when the MODIS 
instrument either retrieved an AOD value during cloudy conditions or failed to retrieve a 
value during clear-sky conditions at the site. The problem encountered during these days 
seems to indicate that there is need for improvement in the algorithm used to identify 
cloud contamination in the processing o f  MODIS data.
Fine aerosol particle measurements at the surface during summer 2001 indicate a 
good correlation between daily average PM: s and daily average MFRSR AOD (r2 = 0.77, 
n = 18) and in hourly averages o f MFRSR AOD and the PM: s light extinction coefficient 
(r2 = 0.65, n = 311). PM: < chemical mass balance during summer 2001 showed that the 
most abundant chemical component during times o f  high turbidity was (NH4):S0.4, while 
OC dominated during times o f average-to-below-average turbidity. This difference in 
chemical composition during different AOD levels likely reflects a combination o f
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changes in synoptic-scale atmospheric flow patterns and the fact that OC is a ubiquitous 
component o f PM; s in this region o f the country.
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CHAPTER 6
CONCLUSIONS AND FUTURE DIRECTIONS
This dissertation has explored the radiative, chemical, physical, and optical 
properties o f aerosol particles at three locations within the state o f  New Hampshire 
during spring 2000 to fall 2001. The main conclusions from this work are as follows:
(1) Based on a one-month study at a mountaintop location adjacent to the White 
Mountain National Forest, visibility in the region is heavily impacted by 
changes in synoptic-scale air mass transport. During the study, two 
distinctively different air mass transport situations were observed that caused 
a difference in b,p and bap, fine particle number density, haziness, and PM; < 
chemical composition. In contrast, PM; < scattering and absorption 
efficiencies were not significantly different between the two transport 
scenarios. The highest levels o f  haziness w ere associated with the climate 
classifications Frontal Atlantic Return and Atlantic Return, both o f  which 
brought warm, moist, and polluted air into the region from the mid-Atlantic 
corridor. Low er levels o f  haziness were associated with the classification 
Canadian High, which brought cool, dry, and relatively cleaner air into the 
region from Canada.
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
(2) Chapter 3 illustrated the rapid influence synoptic-scale meteorology can have 
on ambient levels o f  priority pollutants throughout New England, and that 
high concentrations o f gas- and particle-phase pollutants are not limited to 
summer months. A case study o f  a region-wide pollution event that occurred 
in late October 2000 revealed that aerosol, ozone, and carbon monoxide 
concentrations gradually increased during a 5 day period, culminating early 
on 28 October, followed by a 10-fold drop in 6 hours or less to background 
levels at all sites throughout the region.
(3) Chapter 4 describes a 14-month study o f  aerosol properties at Thompson 
Farm. During this period, a moderate correlation was observ ed between light 
extinction by fine particles at ground-level and extinction integrated in the 
vertical column. The best correlation between the two measurement methods 
occurred during summer 2001, and during times o f w esterly transport.
(4) Mass scattering efficiency o f  (NHahSO., and OC was 6.54 ± 0.26 m~ g ' and 
3.36 ± 0.49 m: g respectively during the 14-month study period. The 
efficiencies for these two species were not significantly different among the 
three major air mass origins. The total season absorption efficiency o f  EC 
was 12.85 ± 0.80 m: g’1. These values can be used to connect chemical and 
radiative models aimed at determining aerosol radiative effects on climate, 
and in satellite retrieval algorithms designed to quantify the spatial 
distribution o f aerosol radiative parameters.
(5) Annual direct aerosol radiative forcing (AF) w a s -0.93 ± 4.10 Wm ‘ . In 
winter AF = +3.99 ± 0.99 W m ': and in summer AF = -4.45 ± 2.65 Wm ’,
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differences that can be attributed to the seasonal changes in surface albedo 
and fine particle single scatter albedo.
(6) Chapter 5 illustrated that ground-based measurements o f  aerosol optical depth 
were well correlated with satellite measurements (MODIS) during clear-sky 
conditions from April 2001 to August 2001. However, there were several 
days when the MODIS instrument either failed to retrieve an AOD value 
during clear-sky conditions or retrieved an AOD value during cloudy-sky 
conditions. The problem encountered during these days seems to indicate that 
there is a need for improvement in the algorithm used to identify cloud 
contamination in the processing o f  MODIS data.
(7) Chemical mass balance o f fine particles at the surface indicated that during 
times o f above average optical depth, (NH.»):SO.i was the dominant specie; at 
times o f low -to-moderate optical depth, OC was the principle component o f 
PM:
While this w ork has provided a significant amount o f information about the 
relationships between aerosol properties and air mass origins at this rural New England 
site, future w ork aimed at connecting air mass sources to the variability o f aerosol 
chemical, optical, and physical properties should include some multivariate receptor 
modeling. Through the measurement o f  trace elements and/or the speciation o f 
particulate organic carbon, one could increase the number o f  parameters that would drive 
a receptor-based model and therefore arrive at a more quantitative measure o f  specific 
sources o f  aerosols at the site.
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Furthermore, one o f  the conclusions drawn from this w ork is that aerosol size 
distributions at both the surface and in the vertical column did not significantly vary 
during times o f  different air mass origin. This conclusion was based on the lack o f 
variability in the Angstrom Exponent and in mass scattering and absorption efficiencies. 
It is therefore necessary to directly measure the aerosol size distribution at the site in 
order to confirm these observations. Measurements o f aerosol size distributions, and the 
chemical composition o f  the particles in the various size binds, w ill also provide the 
information needed in Mie Theory calculations o f some o f the parameters measured or 
derived during this work (i.e., bsp. bap a ap, a sp, and 7a). The strategy to help reduce the 
uncertainty in aerosol direct radiative forcing calculations would then be to design 
experiments in which measured and modeled aerosol radiative, chemical, and physical 
parameters can be rigorously compared.
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